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Abstract 
 This paper researches the modeled output (kWh), global warming impact potential (kg-

CO2 eq), and the economic aspects of three proposed photovoltaic panels in two scenarios in a 

comparison study to determine the best photovoltaic system to install for the 2012 Futsal World 

Cup, which will be held in Nong Chok, Bangkok. The three panel companies and their respective 

panels are: Sanyo’s heterojunction with intrinsic thin-layer (HIT) monocrystalline panel, 

DuPont’s triple junction amorphous silicon panel, and Sharp’s polycrystalline silicon panel. The 

first scenario compares all photovoltaic modules oriented according to the 5° slope of the roof 

(standoff scenario), and the second with the PV panels tilted to the southern latitude of 13.7o 

north (tilted scenario). The output section models and predicts both the number of panels able to 

fit on the rooftop and the amount of electricity generated by each system. The global warming 

impact potential section uses the Life Cycle Assessment (LCA) methodology to estimate the 

total carbon dioxide equivalent savings over the lifecycle of each proposed system. The 

economic section utilizes offers from the panel companies to estimate the payback period (PBP), 

the net present value (NPV), and the levelized cost of electricity (LCOE) for each panel in both 

scenarios.  Using all three optimization categories and their respective values, a final panel and 

scenario recommendation is determined. 

 Results indicate that scenario 1 (standoff) is the more attractive option. The Sanyo 

system, while yielding the highest output values and the greatest kg-CO2 eq savings, has a very 

high capital cost. Therefore, the Sharp system is another attractive panel option because of its 

high output values and high kg-CO2 eq savings, as well as its low capital cost.  
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Executive Summary 

 A comparison study assessing output (kWh), global warming impact potential (kg-CO2 

eq), and economic cost indicate that a rooftop photovoltaic system installation is an attractive 

option for the 2012 Futsal World Cup, which is to be held in Bangkok. This study compares the 

polycrystalline ND-R240A5 Sharp panel, the multijunction amorphous silicon DA142 DuPont 

panel, and the heterojunction with intrinsic thin-layer (HIT) HIP-215NKHE5 Sanyo panel for the 

two rooftop scenarios of (1) all photovoltaic modules oriented according to the 5o slope of the 

roof (standoff scenario) and, (2) the PV panels tilted to the southern latitude of 13.7o north (tilted 

scenario).  

 Two interactive MATLAB programs allow for users to input various panel scenarios. The 

first program calculates the number of panels able to fit on the roof for each scenario by 

inputting the dimensions of the specific panel. The second program calculates the expected 

output in kWh using results from the first program, the panel’s cell efficiency, its temperature 

dependency, shading losses, rooftop location, and literature irradiance values for that location. 

When coupled, these two programs calculate both yearly and lifecycle output in kWh. This kWh 

output will be sent directly back to the Bangkok grid to receive 12 baht/kWh over the panel 

system’s lifespan.  

 The global warming impact potential section adds carbon dioxide equivalent values 

associated with the extraction, manufacturing, transportation, and disposal for each panel in both 

scenarios. Then, using the values obtained from the two MATLAB programs, determines the 

emissions saved using the calculated kWh output. The results indicate that all panels in both 

scenarios significantly reduce the amount of kg-CO2 eq that would otherwise be produced by the 

Thai electricity mix. The amount of carbon dioxide equivalent offset by these systems is enough 

to account for several times the carbon footprint of associated with the emissions garnered from 

producing these panels. 

 The economic section is two-part with a focus on the BMA specific contracts and the 

investor perspective which will act as a model for similar projects. The Thai feed-in tariff is 

currently set at 6.5 baht/kWh which acts as an adder on the average price of Bangkok electricity 

(2.55 baht/kWh). Investors can expect to receive approximately 9.05 baht/kWh; however, the 

BMA received a special agreement yielding 12 baht/kWh. The payback is therefore much 

quicker for the BMA scenario, though the investor scenario is still very attractive with the same 
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company offers. The investor section also differs in that finance costs are applied which further 

increase the payback period. The three economic equations allow for the BMA to choose the 

panel company based on what is most pertinent to their goals. Sanyo will net the most money 

over its lifetime as shown by the highest NPV, while Sharp will have the lowest PBP and LCOE. 

All companies achieve grid parity in the BMA, but only Sharp succeeds in the debt financed 

model. 

 Both scenarios seem promising, with scenario 1 (standoff) being the more attractive of 

the two options. From the results associated with the output, GWIP, and economic section, the 

polycrystalline ND-R240A5 Sharp panel is the most realistic option for installing this rooftop 

photovoltaic system. Even though it yields a lower kWh output and offsets fewer kg-CO2 eq 

emissions than the Sanyo panel, its capital cost is within the BMA budget and provides a rapid 

payback period, as well as optimistic output and kg-CO2 eq values.  

 While these systems are viable in terms of productivity and global warming impact, it is 

the feed-in tariff that makes installation realistic. As initial costs decrease and the price of 

electricity from fossil fuels increase, PV will become more and more competitive.  
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I. Introduction 

1.1 Futsal World Cup 

 Bangkok, Thailand has begun construction on the 2012 Futsal World Cup Stadium after 

winning the bid to host the tournament in November of next year. Futsal, a game that is one of 

FIFA’s newest additions to world competition, has captured the hearts of fans since its advent in 

1989. Hosted once every four years since 1992, Thailand has played in six matches, winning 

once1. A nation new to the sport, Thailand boasts over a million proclaimed futsal players, 500 of 

whom are professional2. The nation’s best look to take the field in November 2012 under a 

familiar sky.  

 

1.2 The Project 

 The architects of this new stadium have asked researchers to conduct a comprehensive 

study concerning various photovoltaic technologies to determine the feasibility of placing a PV 

array system on the roof of the stadium while looking at different optimization categories, 

including: electrical output, environmental impact, and economic costs. To accomplish such a 

task, researchers are looking at the three photovoltaic technologies of Sanyo’s heterojunction 

with intrinsic thin-layer (HIT) monocrystalline panel, DuPont’s triple junction amorphous silicon 

panel, and Sharp’s polycrystalline silicon panel. 

 This study will assess output values for two scenarios, with the first scenario being all 

photovoltaic modules oriented according to the 5o slope of the roof, and the second being the PV 

panels tilted to the southern latitude of 13.7o north. 

 As a country with a 2009 population of nearly 67 million citizens generating over 84 

million tonnes of carbon dioxide (CO2) from power generation alone, installing a photovoltaic 

system will set a strong example to not only the nation of Thailand, but also to those who watch 

the world cup and see these installed photovoltaic modules3.  

 

1.2.1 Output of Photovoltaic Array 

 This study will address the amount of electricity generated from the proposed 

photovoltaic system. This generated electricity will then be sent back to the grid. In order to 

obtain accurate data, multiple variables must be addressed. First, the researchers must calculate 
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the irradiance values that fall on the roof of the stadium, accounting for temperature dependence 

and shading associated with the array design. Then, from the generated data, one can determine 

the number of panels the roof can accommodate using the design plans of the stadium’s roof, the 

decreases in efficiency over the lifespan of the panel based on the company specification sheets, 

and the annual and life cycle wattage output of each photovoltaic technology.  

 Below is a rough visual of the rooftop layout. The shaded area in between the yellow 

highlighted borders represents the potential array layout for the entire roof, while the area 

between the red highlighted borders and the inner yellow highlighted borders represents the 

flower shaped roof layout proposed by the architects of the project. The center rectangle is the 

skylight that will provide natural lighting for the stadium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 A sensitivity analysis will be conducted for both scenarios, which have been defined as 

scenario 1: standoff and scenario 2: tilted. Methodology for calculating irradiance, the number of 

panels, and the corresponding output values will be addressed in the output section of this paper. 

 

 

 

Width 124 m  
Height 108 
Square 72 m/side 
Skylight: 26x42 
m 
 

Figure 1: Futsal stadium rooftop layout 
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1.2.2 Global Warming Impact Assessment 

 A global warming impact potential will be conducted for each life cycle of the 

photovoltaic cell, as according to ISO 14040’s guidelines. The life cycle will include: silica 

extraction, manufacturing, transportation, operation, and a comparison of two disposal scenarios. 

This information will be subtracted from the emissions saved through the lifecycle operation of 

the panels.   

 

1.2.3 Economic Assessment 

 For the final assessment of the project, the researchers will conduct an economic 

assessment of all materials involved in the photovoltaic electricity generation, including: the 

panels, the balance of system (BOS), operation/maintenance costs, and installation costs. The 

researchers investigated the net present value (NPV) using a fixed electricity payback of 12 

baht/kWh. From there, total savings can be predicted from the amount of electricity sent directly 

back to the grid.  

 Solar cell manufacturers are looking for reliable, high capacity and economically viable 

sources of solar grade silicon, but must choose between the process of purifying this silicon 

using the Siemens process or by converting metallurgical grade silicon to its ultra pure state 

necessary for solar manufacturing4.  

 As a country that spent 429,609 million baht on electricity generation in 20095, installing 

this photovoltaic system will give energy back to the grid and cut down on electricity generation 

costs.  

 The methodology associated with the economic assessment will be addressed later in this 

paper. 

 

1.3 Applications to Thailand 

 When considering the potential electrical output of the proposed photovoltaic systems, it 

is important to discuss solar radiation in Thailand. Looking at the graphic of solar radiation 

below, one may notice that Bangkok has on average lower irradiance values than in central and 

northern Thailand.  
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Figure 2: Solar energy potential map of Thailand6 

 The graphic above takes into account all potentials of solar energy, including direct, 

diffuse, and reflected radiation. However, in the case of the Futsal Stadium, direct solar radiation 

plays the most important role in determining energy output.  

 To obtain the quantity of direct solar radiation, satellite images are applied for data 

analysis. The corresponding results show that direct solar radiation is highest in the dry season, 

which is defined as the months from January to April because of the typically clear, cloudless 

sky. The intensity of radiation is also affected by the northeast monsoon and southwest monsoon. 

The direct radiation intensity reduces between May and September because of the southwest 

monsoon, which increases average cloud cover and reduces amount of direct sunlight. From 

October to December, the intensity increases in central, northern, and northeastern regions, but it 

does not increase in southern regions because of the northeast monsoon. 

 Looking at the graphic of direct solar radiation below, one may notice that Bangkok 

receives a higher direct radiation than the majority of Thailand, save the central and northeast 

areas of the country. Therefore, it is reasonable to justify installing the proposed photovoltaic 

system, based off the direct solar radiation values for Bangkok. 



Fall 2011 Capstone Project/Photovoltaic Viability for Futsal Stadium 13 
 

 
Figure 3: Potential of direct solar radiation in Thailand7 

1.4 Chosen PV systems 

 A concise summary and comparison of the proposed panels is seen below. 

PV 
Name Company 

Where 
Produced Type of Panel Dimensions (m) 

Weight 
(kg) 

Module 
Efficiency 

(%) 

Nominal 
Power (Wp) 

ND-
R240A5 SHARP Japan 

Polycrystalline 
Silicon 1.652x.994x0.046 19 14.6% 240 

DA142 
DUPONT 
APOLLO China 

Amorphous/Micro-
crystalline (Tandem 

junction) 1.409x1.110x0.035 20 9.08% 142 
HIP-

215NK
HE5 SANYO* 

Japan 
Heterojunction with 
Intrinsic Thin-Layer 

(HIT) 
1.580 x 0.798 x 

0.035 15 17.1% 215 
 

=Bangkok 	  
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 *Sanyo’s HIT panel is best defined as a photovoltaic panel with corresponding 

amorphous silicon panels attached on both the front and back sides of a monocrystalline solar 

cell.  

1.5 Photovoltaic Technology 

1.5.1 A Brief History of Photovoltaic Technology 

 When Edmund Bacquerel first observed the phenomenon of converting light to electricity 

in 1839, he noted that voltage occurred when two electrodes were placed in a weak conduction 

solution8. This began photovoltaic research, and since that day vast technological leaps have 

occurred.  

 Quantum mechanics have been very important in advancing this field— just a century 

ago the first photovoltaic panels were made with selenium, yielding an efficiency of 1-2%. 

Today, the highest efficiency panels are providing a conversion rate of anywhere from 15-24% 9,  

with a great deal of thanks due to the Siemens process of turning metallurgical grade silicon to 

pure crystalline silicon, which will be explained shortly.  

 

1.5.2 The Photovoltaic Process 

 Put simply, a photovoltaic panel is the medium which sunlight enters, generating enough 

energy to excite valence electrons and move them to one side of the panel. This area of the panel 

is slightly more negative than the other, and as a consequence electrodes connected to the panel 

use this negative charge to move10. 

 The voltage and current of solar cells are seen as a function of irradiance. The current 

produced is proportional to the amount of incident light. This light passes through a “window 

layer,” or the range of wavelength that the panel can absorb (the window layer is very small, 

hence the low efficiency values). This frees electrons when the incident light hits the absorber 

layer. The panel does need a built-in electrical field between positive and negative layers in order 

for freed electrons to move. However, while the current produced is proportional to the amount 

of incident light, the voltage depends on the material used11. 
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1.5.3 The Photovoltaic Cell 

 Solar radiation can come in three forms: direct, diffuse, and reflected. All forms of 

radiation can be absorbed by the photovoltaic panel. However, direct solar radiation is the most 

available source of irradiance and provides the highest energy potential.  

 The PV cell requires various components to operate properly. The first layer is of course 

the glass, which is hardened to protect the panel and is glued down with adhesives. From there it 

is covered with anti-reflecting coating. Next is the semiconductor, where the current flows on the 

cell surface through a metal grid (also known as the front contact), which needs to be touching 

all parts of the cell surface in order to reduce resistance losses. The back contact forms an 

electrical bridge with the front contact. Finally, the back side of the cell is covered with Tedlar 

polyvinyl fluoride (PVF) or glass. 

 
Figure 4: Solar cell design12 

 In order to create positive and negative layers within the semiconducting material of the 

PV cell, doping is utilized by manufacturers. Doping allows for impurities to be added to the 

cell, creating a layer with extra electrons (n-type) and a layer with a vacancy of electrons (p-

type). The common doping material used to create an n-type layer is phosphorous, while silicon 

with boron is used for p-type layers13.   

 

1.5.4 Cell Output Parameters 

 It is necessary to look at the differences between an ideal PV cell and an actual PV cell. 

This can be accomplished with an analysis of voltage and currents in PV cells. This can be seen 
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in the figure below, which illustrates I-V characteristics for ideal PV cells under different 

illumination levels.  

 
Figure 5: I-V characteristics for ideal PV cells14 

 Under actual conditions, however, solar cells are limited by voltage and current. 

Therefore, the actual max power point would be lower in current for each illumination level seen 

above. When finding the max power point, one must utilize the cell power equation, which is 

obtained by multiplying the cell current equation by the cell voltage equation. The cell voltage 

(open circuit) equation is seen below. 

𝑉!" =
𝑘𝑇
𝑞 ln

𝐼! + 𝐼!
𝐼!

  ≅
𝑘𝑇
𝑞 ln

𝐼!
𝐼!

  𝑏𝑒𝑐𝑎𝑢𝑠𝑒  𝐼! ≫ 𝐼! 

So, the cell max power can defined as: 

𝑃! = 𝐹𝐹 ∗ 𝐼!"𝑉!"   𝑜𝑟  𝑃! = 𝐼!𝑉!   

𝑤ℎ𝑒𝑟𝑒  𝑉! = 𝑐𝑒𝑙𝑙  𝑣𝑜𝑙𝑡𝑎𝑔𝑒  𝑎𝑡  𝑚𝑎𝑥𝑖𝑚𝑢𝑚  𝑝𝑜𝑤𝑒𝑟  𝑎𝑛𝑑  𝐼! = 𝑐𝑒𝑙𝑙  𝑐𝑢𝑟𝑟𝑒𝑛𝑡  𝑎𝑡  𝑚𝑎𝑥𝑖𝑚𝑢𝑚  𝑝𝑜𝑤𝑒𝑟   

𝐹𝐹 = 𝑓𝑖𝑙𝑙  𝑓𝑎𝑐𝑡𝑜𝑟 

 Fill factors are important to photovoltaic cells because the higher the FF, the smaller the 

internal resistance of the PV cell15. The ideal fill factor utilizes a normalized open circuit voltage 

value, and can be explained by the equation below. 

𝐹𝐹 =
𝑉!",!"#$ − ln 𝑉!",!"#$ + .72

𝑉!",!"#$ + 1    

 

𝑤ℎ𝑒𝑟𝑒  𝑉!",!"#$ =
𝑞
𝑛𝑘𝑇 𝑉!" 

 

𝑞 = 1.6 ∗ 10!!"𝑐𝑜𝑢𝑙 
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𝑘 = 1.38 ∗ 10!!"  𝐽/𝐾 

𝑇 = 𝑐𝑒𝑙𝑙  𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  𝑖𝑛  𝐾 

 

 The q value is the charge of an electron, k is Boltzman’s constant, and the value of 0.72 is 

a known constant. The above equation was determined under ideal circumstances at STC. The 

actual fill factor is defined as the ratio of potential max power divided by the open circuit voltage 

and short circuit current, which can be seen below in the following equation. 

𝐹𝐹!"#$!% =
𝑉!"𝐼!"
𝑉!"𝐼!"

   

𝑤ℎ𝑒𝑟𝑒  𝑚𝑝 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚  𝑝𝑜𝑤𝑒𝑟, 𝑜𝑐 = 𝑜𝑝𝑒𝑛  𝑐𝑖𝑟𝑐𝑢𝑖𝑡, 𝑠𝑐 = 𝑠ℎ𝑜𝑟𝑡  𝑐𝑖𝑟𝑐𝑢𝑖𝑡 

 When the fill factor is equal to 1, then the cell is ideal and said to have a fill factor of 

unity. This suggests that the cell operates at either an ideal voltage source or ideal current source, 

represented on the I-V graph as a rectangle, as seen in the figure below.  

 
Figure 6: Calculating the maximum power point (MPP)16 

 Seen in the figure above, the fill factor has an ideal value of 0.83. However, typical fill 

factors are between 0.5–0.82, depending on the series resistance. In order to maximize the fill 

factor, one must maximize the ratio of photocurrent to the reverse saturation current, while at the 

same time minimizing series resistance and the maximum shunt resistance within the cell 17.  

 This raises the issue of how to design the PV cells into the module. Testing has shown 

that it is more efficient to have the cells in a series connection, similar to the figure seen in the 

Appendixes. 

 The series parallel is a popular design. However, there is the issue of partial shading. 

Because the total voltage is dependent on all PV cells in the series, if one cell is subject to 
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shading, it degrades the output of the entire system. Think of it in terms of squeezing a hose: the 

flow of water depends on restricted flow area. Therefore, if partial shading cannot be avoided, 

only one string should be in the shade path. This can be avoided with bypass diodes. Bypass 

diodes operate on the principle that if one panel in the series fails, then it is bypassed and does 

not degrade the power output of the system18. 

 

1.5.5 Limitations to the photovoltaic cell 

 There are multiple variables which determine the efficiency of the PV cell, including: 
 

Table 1: Solar cell efficiency factors 

Incident radiation Module output is dependent on amount of radiation falling upon the 

solar module area (also known as aperture area) 

Module temperature Above a certain temperature, thermal degradation occurs, which 

decrease module efficiency 

Partial shading The cell with the lowest illumination determines the operating current of 

the whole series string.  

Mismatch of series 

modules 

Difference between maximum output power available from the array 

and the sum of the maximum output for each model19 

Wire resistances Voltage dropping follows the equation ∆𝑉 = 𝑅 ∗ 2𝐿 ∗ 𝐼 , where 

V=voltage, R= resistance, L= wire run, and I= current (usually assume 

5Ω for resistance but often ignored unless the distance is great) 

Module soiling Accumulation of dust and dirt, with reduction potential up to 10% 

 

 For this project, all variables have been accounted for. Incident radiation is calculated 

using a MATLAB program. Module soiling, and wire resistances are assumed negligible. 

Blocking diodes are included with the PV system. Temperature dependency for each of the 

proposed panels is calculated below.  

 The specifications for the three offers were all conducted at standard testing conditions:  

air mass 1.5, cell temperature 25°C and 1000W/m2 solar flux.  However, the subtropical climate 

of Thailand will lead to cell temperatures greater temperatures than 25°C.  This can greatly affect 

the efficiency of the solar cell and must be modeled in order to accurately predict the output from 
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the array.  Shown below are common equations found in literature20; one for efficiency and one 

for power.  

Equation 1: 

ηc = ηTref [1 – βref (Tc – Tref)] 

βref = [1/(T0 – Tref)] 

 

Equation 2: 

P = ηcAGT 

 Tref is the reference temperature (25°C) and ηTref is the efficiency of the module at the 

reference temperature.  The other relevant parameters are summarized in Table 2.  The cell 

temperature (Tcell) can be predicted based on equation 3 below21 : 

𝑇!"## = 𝑇!"# +   
𝑁𝑂𝐶𝑇 − 20

800 𝐺 

 TAir was taken from a dataset, G represents irradiance (W/m2), and NOCT is the normal 

operating cell temperature which can be found on the company specification sheets. Also given 

in the spec sheets was the maximum power temperature coefficient (γ) and was used in addition 

to equation 3. The results of the model were compared initially before deciding which 

calculation method would be best to include in the Matlab computer program.  
Table 2:Temperature Dependency Parameters 

 
  
 

Parameter DuPont Sanyo Sharp 
NOCT (°C) 43.4 48 47.5 

Nominal power (Wp) 142 215 240 
γ (%/°C) -0.32 -0.30 -0.44 
ηTref (%) 9.08 17.1 14.6 
βref 0.00408 0.00408 0.00408 

Tref (°C) 25 25 25 
T0 (°C) 270 270 270 
A (m2) 1.56 1.26 1.64 

GTavg (W/m2) 1000 1000 1000 
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Figure 7:Efficiency dependency on temperature (literature equations) 

 

 
Figure 8: Power dependency on temperature (literature equations) 

 
 Above is the hypothetical model based on equations 1 and 2. 
 
 Since the first calculation of efficiency reduction utilized the same standard equations, it 

was found that the power output would drop by 30.6% for all three panels from 25°C to the 

extreme case of 100°C.  It should be mentioned that cells rarely reach temperatures in excess of 

70°C 22.  
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 Below, a second model was created from the maximum power temperature coefficient (γ) 

provided in the company’s specification sheets.  For cell temperatures greater than 25°C, the 

decrease in maximum power can be directly calculated from γ.  

 
Figure 9: Panel-specific, power dependency on temperature 

 
 With the different PV technologies represented by the three companies, the efficiency 

decrease associated with temperature should not be equal as shown in the initial simulation. The 

graph based on the maximum power temperature coefficient was deemed to be more product-

specific. Sharp was most strongly affected by temperature and Sanyo responded best to high cell 

temperatures. Over the range of 25-100°C, it was found that the Sanyo module’s power output 

fell by 22.5% (-48Watts), DuPont by 24% (-34Watts) and Sharp decreased by 33% (-79 Watts).  

 

II. Methodology 

2.1 Goal 

 This study will compare specific panels from three forms of photovoltaic technology 

(HIT, amorphous silicon, polycrystalline silicon) to determine the best system to install on the 

roof of the 2012 Futsal World Cup Stadium, which will be held in Bangkok. The study will 

include various optimization values which will concern (1) output, (2) global warming impact, 

and (3) economic costs. The purpose of this study is to recommend the best photovoltaic system 

for each optimization category. This study is intended for communication with parties associated 

with the Futsal Stadium, including: the architects, the project management, the Ministry of 
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Energy, and the Bangkok Metropolitan Authority. The output results of this study, however, 

cannot be used to determine future photovoltaic installations on similar stadiums because the 

modeled panel numbers are site specific. The data used is general data from the relevant 

technologies concerning electricity production. This study is limited to Bangkok, Thailand, and 

will cover the lifespan of the proposed photovoltaic modules, from the years 2012-2041.  

 

2.2 Scope 

 The scope of this study is threefold, each specific to the optimization categories. The 

optimization categories will provide data for both scenarios, with scenario 1 having the PV 

panels attached according to the slope of the roof and scenario 2 having the PV panels tilted to 

the southern latitude of 13.7o north. 

(1) Output: A detailed analysis of electrical generation that will be sent back to the grid. 

Various inputs must be analyzed to have an accurate analysis. Using available data, the 

authors will determine (a) the number of panels the roof can accommodate, keeping in 

mind the design plans of the stadium’s roof, (b) the decreases in efficiency over the 

lifespan of the panel from given photovoltaic specification sheets, and (c) the annual and 

total wattage output of each photovoltaic technology using data obtained from parts (a) 

and (b). For each technology, the researchers must take into account temperature 

dependence and shading in order to obtain correct data. 

(2) Global Warming Impact: This is a cradle-to-grave study, and thus the system boundaries 

begin with mining of the silica and end with decommission of the photovoltaic panels. 

Included within the system boundaries are silicon production, silicon purification, the 

ingot creation, PV system manufacturing, and the two end of life scenarios, which are 

either 100% landfilling or 100% recycling. 

(3) Economic Costs: This will be conducted as an economic assessment. This section will 

take into account many variables that affect the panels’ economics, including the discount 

rate, feed in tariffs, insurance, operation and maintenance costs and financing options. Of 

course the initial cost for the panels, BOS and installation will be highly influential. The 

equations for NPV, PBP and LCOE will be used to support the analysis. 
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Figure 10: Geometric Reduction to Form Flower Shape 

	  
	  

2.3 Output Methodology 

 The 2012 World Cup Futsal Stadium will be built in the Nong Chok district of Bangkok, 

Thailand.  In English, Nong Chok means “water lettuce swamp,” and the design of the stadium is 

modeled after the water lettuce in the area’s name which a floating plant common to the area. 

Water lettuce (pistia stratiotes) forms rosettes that look similar to an open head of lettuce or a 

flower23. The design of the stadium fell to a local architectural firm, BioArcitek, who have 

incorporated the shape of this plant into the design of the rooftop PV array by leaving wide 

walkways to form a flower shape on the roof. The design is a geometric reduction from a picture 

of water lettuce, taken down to its most basic form, as seen below in Figure 10. 

	   The shape is created by a series of intersecting steel grate walkways 0.7 meters in width 

with a variable amount of empty roof space on either side, leaving a gap passing through the 

array (referred to as flower space). The red highlights on Figure 11 below represent the flower 

spaces while the blue highlights correspond to primary maintenance walkways consisting of the 

same steel grates with a smaller amount of empty roof space on either side. Additional utilitarian 

walkways were added around the entire roof, the skylight and between rows of panels. The 

flower shape is the most important aspect of the design of the photovoltaic array and was 

therefore used as the basis of determining the photovoltaic array layout. 
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Figure 11: Division of Rooftop Stadium 

 Solar arrays are generally composed of long, unbroken rows of PV panels with 

maintenance walkways and shading space between the rows in a way that allows for maximum 

electricity output. Such rooftop arrays must also factor in the limited space on the rooftop into 

the design. The goal of this model is to determine the layout of PV panels which maximizes the 

utilization of available space on the stadium roof by producing the greatest amount of electricity 

while retaining a pleasing aesthetic quality. 

 

2.3.1 Scenario Descriptions  

 Two primary array layout scenarios were considered in this study. Scenario 1 involves 

laying the panels parallel to the slope of the roof, often referred to as a standoff arrangement. 

This scenario was chosen after reviewing documents received from the architects that indicated a 

standoff arrangement of the panels was anticipated. The expected standoff height of roughly 10 

cm falls within the acceptable range of 10-15 cm that will provide ample airflow behind the 

panels24. The stadium roof is a hip roof, sloped at 5o, consisting of four sides aligned with the 

north, south, east and west, respectively. The scenario 1 layout would result in roughly one 

quarter of the array tilted at 5o to each of the cardinal directions. However, it is a well known 
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industry standard that panels should be tilted toward the south in the Northern Hemisphere in 

order to achieve the greatest output per panel25. Therefore, a second scenario was created to see 

the effect of tilting to the south. Scenario 2 consists of tilting every panel at the latitude angle 

(13.7o) toward the south. Tilting toward true south at latitude angle obtains 98.6% of the output 

of the optimum tilt angle which is found through a complex set of optimizations and was deemed 

unnecessary to find for the purposes of this project26. The stadium is aligned with magnetic south 

which differs from true south by the magnetic declination of the site. The magnetic declination of 

Bangkok is 0° 38' W, an insignificant difference, so tilting to magnetic south was used for 

simplicity27. The option of tracking was not considered due to its significantly higher capital cost 

and uncertainty regarding the installation of tracking devices on the roof.  

 Within both scenarios, the orientations of the panels and walkways between panels were 

considered and varied to determine the layout with the highest output for each offered panel. 

Since the stadium is constructed with four sides facing the cardinal directions, it was deemed that 

placing panels either parallel or normal to these sides would best optimize the useable space and 

make tilting the panels in one direction the easiest. 

 

2.3.2 Irradiance model 

 To calculate the total irradiation incident on a tilted surface, a Matlab program was 

created. The calculations for the total radiation used the following equation: 

Total Radiation on a Fixed Tilted Surface 

𝐼!" = 𝐼!𝑅! +
1+ cos 𝛽

2 𝐼! + 𝜌
1+ cos 𝛽

2 (𝐼! + 𝐼!)   

 Where Ib is beam insolation, Id is diffuse insolation, Rb is a ratio of angles, β is the tilt 

angle of the panel, and ρ is the albedo of the site. 

 All equations necessary to calculate the Rb factor, a ratio of incident angle to zenith angle 

came from equations to model the position of the sun at any point in time28. All values for global 

and diffuse radiation and ambient temperature were taken from a reference dataset based on 

measurements from the year 2000, which was deemed an average year with few data outliers. 

This data was recorded at the Joint Graduate School for Energy and Environment at King 

Mongkut’s University of Technology at Thonburi. The dataset was refined to only include the 

hours of the daytime when there is incoming radiation, from 05:00 to 19:00 inclusive, and was 
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based on 5,490 data points. The different scenarios were accounted for by inputting different tilt 

angles and panel directions for each section of the stadium individually and adding the outputs to 

obtain total kWh values for each scenario.  

The solar data in this study was obtained from the year 2000. In order to make sure the 

data was useable, monthly averages were checked and determined to be consistent with 

expectations. Months from May through October exhibited lower average irradiance values than 

the rest of the year. These months have days with longer sunlight hours and would therefore be 

expected to have higher irradiance values than the other half of the year. However, these months 

also correspond to the rainy season in Thailand; therefore, their lower irradiance values are 

caused by increased cloud cover and meteorological conditions. 

The months of December and June were selected to model irradiance because these 

months have the shortest and longest daylight hours, respectively, in accordance with the winter 

and summer solstices. Irradiance values for the same hour on every day of the month were 

averaged, producing average values for hours 0 to 23, as shown in Figure 12. 

  

 

 

 After calculating the total radiation incident on the solar PV panels for each scenario, the 

amount of power that these panels could produce was calculated. Varying factors had to be 

 
Figure 12: Hourly averages of irradiance from June and December for the year 2000. 
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accounted for to simulate efficiency declines due to temperature dependence and decay over 

time.  

Temperature dependence was calculated by referencing the dataset and obtaining 

temperature measurements that correspond to each day and hour, then calculating how the 

efficiency of the panel would be affected by temperature dependence.  

Once temperature dependence was obtained, a worst-case scenario for efficiency decay 

over time was derived from warranty guarantees. The warranties for the panels guarantee that the 

panels would be outputting at 90% of their expected output for 10 years, then at 80% of the 

expected output for the next fifteen years. A linear model was derived so that panel output would 

decline at 1% per year for the first ten years, and at 0.67% per year for the rest of the panel’s 

lifetime. This is a worst case scenario because if the panels’ efficiencies declined any further, 

they would have to be replaced by the company. 

Temperature dependency was based on a one-year dataset, and therefore did not vary 

year-to-year. The same day and hour of every year would produce the same outputs from the PV 

array. The only year-to-year variance came from decay over time limited by the panels’ 

warranty, and this was applied after a yearly total was obtained. 

 

2.3.3 Scenario 1 Layout Model 

 Initially, an aerial view of the roof gives the impression of a large octagon of useable 

space, with the exception of the skylight, that could easily be filled with long rows of panels 

spanning from one side of the roof to the other. Were it not for the necessity of the flower shape  

design, which causes a variable amount of excess space in which additional panels could not be 

fit to exist between each of the flower spaces, this layout would have been utilized. Laying rows 

across the entire span of the rooftop is not an efficient way to calculate the array layout with the 

presence of the flower shape.  

 Therefore, the number of panels on the rooftop was calculated in sections, since each 

section may optimally be able to fit a different number of panels. The rooftop can be divided into 

four equal corners, each comprising four areas separated by the flower spaces and primary 

maintenance walkways (Figure 11). Due to the symmetry of the roof, only the layout for these 

four areas in a single corner had to be calculated for scenario 1; a mirror image of those layouts 
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can be applied directly to the other three corners. Each of the four areas then had a unique layout 

within the flower spaces allowing for manipulation of the panel placement within each area.  

 In order to calculate the number of panels which can fit into each of these areas, two 

separate sets of MatLab functions were written. The first set of functions determined the layout 

with a walkway orientation of east to west while the second set contained a walkway orientation 

of north to south. These functions made variable the height and width of the solar panels, the 

width of the flower spaces, and the width of the walkways between panel rows. Measurements of 

the roof were taken in the original blueprint in AutoCad from the centers of the flower spaces 

and the edges of the skylight and roof, thus allowing for walkway widths to be made variable.  

 To begin, the location of the first rows of panels had to be chosen within each of the four 

areas as a reference point. For areas 1 and 2, the rows were made flush against the primary 

maintenance walkway and against the edge of the skylight walkway. The arrays in areas 3 and 4 

were made flush to the primary maintenance walkway and to the walkway on the edge of the 

roof that is perpendicular to the maintenance walkway. These alignments act to utilize the roof 

space in the most efficient way by adding the excess space entirely to the angled flower space, 

instead of adding it to the edge of the roof or to a maintenance walkway. This would otherwise 

detract from the symmetric appearance of the array. The resulting wider flower space will 

additionally accentuate the array design by making the flower shape more prominent from an 

aerial view. 

 The first step in calculating the total number of PV panels was to determine the number 

of rows which could be fit in each area. The total height of an area was measured from one end 

of the area to the other, perpendicular to the row orientation. For the set of functions with a 

north-south row orientation, the height was then the greatest length within the area measured 

east-west. After subtracting the variable flower spaces from the height, rows of panels were 

added beginning from the chosen reference point. Rows were laid in sets of two, those sets then 

separated by walkways of variable width until the usable space was unable to accommodate any 

more rows of panels. Sets of two rows were used so that each panel could be easily accessed for 

maintenance and cleaning with no usable space wasted on extraneous walkways. The widths of 

all of the walkways used in the model are given below in Table 3. The flower shape width was 

made to be 1.1 m to make it more prominent than the other walkways. With the addition of the 

excess space within each area, the flower shape at this width should be pronounced when viewed 
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from above. The other walkway widths were deemed just wide enough to allow for passage with 

cleaning equipment for regular washing and maintenance.  

 
Table 3: Rooftop Walkway Widths 

Walkway 
Between 

Rows 

Flower  

Shape 

Primary 

Maintenance 

Edge of  

Roof 

Around 

Skylight 

Width 

(meters) 
0.5 1.1 0.9 0.5 0.9 

 

 Starting at the same reference point, the number of panels that could be fit in each row 

was calculated. Each of the four areas was viewed as a collection of isosceles right triangles 

based on the principle that the flower spaces intersect normally. The number of panels that could 

be fit in each row was geometrically determined based on this principle. A gap of 0.5 cm was left 

between each panel to allow for thermal expansion and to provide an added tolerance during the 

installation process. 

This process was completed for each combination of panel and walkway orientations; the 

number of panels on the entire rooftop for each combination is shown in Table 4 below. The 

layout with the greatest number of panels was chosen as the basis for comparison between the 

three offered panels for this scenario. 

  
Table 4: Scenario 1 Entire Rooftop Orientation Combinations 

Orientations 
Sharp 

(panels) 

DuPont 

(panels) 

Sanyo 

(panels) 

Panels: E-W 

Rows: N-S 
4676 4812 6136 

Panels: N-S 

Rows: N-S 
4328 4700 5420 

Panels: E-W 

Rows: E-W 
4320 4664 5436 

Panels: N-S 

Rows: E-W 
4684 4836 6108 
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 Special cases were made to take into account the roof support columns located in areas 3 

and 4. In area 3, a boundary was drawn vertically from 0.5 m outside of the outermost corner of 

the tower; the same was done horizontally in area 4. The space behind each of these towers was 

not utilized due to the resulting complications caused by their presence. A space of 0.5 m was 

left to allow for passage around the towers. Another discrepancy in the design is the issue of the 

roof suspension cables. The attachment locations of these cables were not known at the time of 

this project and were therefore left out of the calculations. However, the loss of panels due to 

these cables should be insignificant to the results. 

 

2.3.4 Scenario 2 Layout Model 

 The layout of the array for scenario 2 was determined using the same methodology as 

that of scenario 1 with a few differences. The inherent problem with the tilting in scenario 2 is 

the shadow cast from one tilted row of panels onto the row behind it. In order to diminish the 

output lost from this shading, a certain amount of space between individual rows is necessary. 

Due to the southward tilt of the panels, this space would be added in the north-south direction 

resulting in small gaps running east-west throughout the array. For this reason, only the layout 

including east-west oriented walkways was utilized for scenario 2. The shading space for every 

other row would then be included within the existing walkway space making for a more efficient 

use of the roof space. While increasing the output of individual panels, the added shading space 

decreases the number of panels in the array and therefore requires optimization to determine the 

amount of shading space corresponding to the greatest output of the entire array.  

The hip shape of the roof resulted in panels angled at 8.7 degrees to the surface of the 

roof on the south side, 18.7 degrees on the north side and 13.7 degrees on the east and west side. 

The differences in these angles required the separate calculation of areas 2 and 3 for the north 

and south sides; areas 1 and 4 remained functionally equivalent on the east and west sides and 

were therefore only calculated once. 

Initial calculations concluded that the number of panels in the array was more influential 

to the array output than the amount of shading loss. At shading spaces greater than 10 cm, the 

output loss of the total rooftop due to the roof containing less panels was far too great to be 

overcome by gains from diminished shading; for this reason, only small shading spaces of 0-10 
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cm were considered. The total numbers of panels in each of the six different areas were 

calculated with each shading space in intervals of 1 cm. The software PVSYST 5.53.1 was used 

to calculate the percent of beam radiation lost due to shading. In each of the six areas, a shading 

simulation model was run in PVSYST for one day in the worst case scenario, for shading spaces 

between 0 and 10 cm. December 21st was chosen as the day of the worst-case scenario because it 

is the winter solstice and the sun is lowest in the sky, therefore differences in output loss due to 

shading will be the most evident on this day.  

The number of panels and the percent loss of beam radiation corresponding to each 

shading space on December 21st were input into the irradiance program to calculate the total 

output of each section for the month of December. The shading space was then graphed against 

electricity output and the shading space with the greatest output was chosen. An example 

optimization graph is shown below in Figure 13. The optimized shading spaces are given in 

Table 5 below. 

	  
Figure 13:Shading Optimization for Sharp Offer Area 1 
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Table 5: Optimized Shading Space 

 

 The optimal shading spaces were input into the model which calculated the layout of each 

area separately with its unique shading space; those values were then added together to 

determine the total number of tilted panels for each offer. PVSYST was then used to calculate 

the percentages of shading loss for each month at the chosen spacing. A single percentage loss 

was used for the entire month; that loss was found on the 21st of each month to take into account 

the winter and summer solstices. These monthly shading loss values were incorporated as 

efficiency losses for every hour in that month while calculating the outputs of the panels in 

Matlab. 

 

2.3.5 Installation Uncertainty 

 Plans received from the architects illustrated that standoff installation was a more likely 

arrangement. The drawings indicated that four bolts, each near a corner of the panel, will be sunk 

through the roof to provide a secure anchor for the panels. This is likely the easiest and least 

expensive manner in which to install PV panels on the stadium roof. Tilting of the panels would 

cause this installation process to drastically change and could even require a rack system 

depending upon wind in the area.  

 This installation uncertainty influenced the way in which the final values for scenario 2 

were calculated. For scenario 2, only one panel orientation (east to west) was considered with 

one walkway orientation (east to west); this differs from scenario 1 which took into account four 

orientation combinations. The optimization calculations necessary to look into the other 

orientations for scenario 2 were deemed unnecessary given the high installation uncertainty and 

 
Area 2 
North 

Spacing (m) 

Area 3 
North 

Spacing (m) 

Area 2 
South 

Spacing (m) 

Area 3 
South 

Spacing (m) 

Area 1 
Spacing (m) 

Area 4 
Spacing (m) 

DuPont 0.09 0 0.09 0 0.04 0 

Sanyo 0 0.02 0 0 0 0.02 

Sharp 0.05 0.01 0.05 0.01 0.04 0 
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the confidence by the architects in their decision to install the panels according to the standoff 

arrangement. Scenario 2 was included to compare values associated with the scenario 1 standoff 

arrangement.  

2.4 Global Warming Impact Introduction and Methodology 

2.4.1 Introduction to LCA 

 In order to conduct a reasonable global warming impact assessment, the researchers will 

employ a life cycle assessment in accordance with ISO 14040, which states that “a life cycle 

assessment (LCA) is a technique for evaluating the environmental aspects and potential impacts 

associated with a product from raw material acquisition through production, use, and end-of-life 

management29.” 

 For the data obtained from section 2.3, the researchers will conduct a cradle-to-grave 

global warming impact assessment, which will consist of two parts. The first part will consist of 

the emissions created from the lifecycle of these solar panels. The second part will be the 

emissions offset by sending the calculated electricity to the grid for the life cycle of the panels. 

Together, these two parts will yield the total global warming impact, as seen in the equation 

below.  

𝐺𝑙𝑜𝑏𝑎𝑙  𝑊𝑎𝑟𝑚𝑖𝑛𝑔  𝐼𝑚𝑝𝑎𝑐𝑡 = 𝑃𝑉  𝑙𝑖𝑓𝑒𝑐𝑦𝑐𝑙𝑒  𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 − 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠  𝑜𝑓𝑓𝑠𝑒𝑡 

  

 This process will be specific to global warming impact potential. Specifically, it will be a 

quantitative assessment of the negative externalities associated with the all phases of a 

photovoltaic cell. Put simply, the diagram below illustrates the life cycle of a PV cell.  

 
Figure 14: LCA solar cell life cycle 
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2.4.2 Solar Cell Life Cycle 

 As the technology differs, so does the life cycle of the PV cell. The life cycle of a 

monocrystalline panel has different production techniques that amorphous silicon, After 

carbothermic reduction of silica, the panels are produced with technology specific manufacturing 

processes which lead to different global warming impacts.  

 

2.4.3 Silicon Extraction 

 It has been assumed that the process for silica sand extraction is the same for 

monocrystalline, polycrystalline, and amorphous silicon. From there the silica sand is transported 

to each company’s respective manufacturing location, where solar cell manufacturing can begin. 

 However, the transportation routes from extraction to manufacturer differ for each 

specific panel. Silica extraction for all panels has been assumed to occur in Lianopong, China, 

and is then transported to their respective manufacturers in Japan (for Sanyo and Sharp) and 

China (for DuPont).  

 

2.4.4 Silicon Purification  

 Monocrystalline and polycrystalline silicon purification begins in the same way.  It is 

necessary to first carbothermically reduce silica to metal grade silicon.  This process involves a 

variety of materials but is not very energy intensive as compared to next step, the purification of 

MG-Si to solar grade (SG) silicon.  Currently there are three different methods of purifying the 

MG-Si: the Siemens process, fluidized bed reactor and the newly coined metallurgical route.  In 

2008, 78% of SG-Si resulted from the Siemens process and 16% from fluidized bed reactor30. 

 The metallurgical route involves upgrading the MG-Si to SG-Si because the Siemens 

process can actually produce electronic grade (EG) silicon which is more pure than necessary for 

solar technologies. The metallurgical route directly purifies the metal grade silicon (MG-Si) and 

has a lesser environmental impact than the other options but is a relatively new technique and is 

not widely used. Due to the statistic provided by Xakalashe and Tangstad it has been assumed 

that the silicon purification for monocrystalline modules occurs according to the Siemens 

process.  
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Figure 15: Purification methodology 

 Table 6 below summarizes the energy inputs for the various processes.   
Table 6: Poly-Silicon purification energy requirements 

Poly-Silicon Purification Energy Requirements 

Process Energy input (kWh/kg) 

Carbothermic reduction of silica 11-14 

Siemens 100-200 

Fluidized bed reactor 20-40 

Metallurgical route 25-30 

 

*All processes must go through carbothermic reduction of silica.  Siemens, fluidized bed reactor 

and metallurgical route are the choices for MG to SG silicon. 

 

 For this report the both the metallurgical route and the Siemens process will be analyzed 

and compared. Metallurgical grade (MG) Silicon results from the reduction of silicon in the 

presence of carbon.  
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SiO2 + 2C à Si + 2CO ΔH298K = 695 kJ 31 
 

Table 7: Mass requirements to produce 1 ton of MG silicon 

Mass requirements to produce 1 ton of MG silicon 

Material Amount (metric tons) 

Quartz 2.9-3.1 

Coke 1.2-1.4 

Charcoal 1.7-2.5 

Graphite for electrodes 0.12-0.14 

  

 Since the Siemens process is most widely used, the mass balance was calculated based on 

the chemical process shown below. 

  

Si(s) + 3HCl(g) à HSiCl3(g) + H2 

2HSiCl3(g) + H2(g) à Si + SiCl4 + 2HCl 

(Hot filament/CVD at 1000°C)32 

 This table illustrates the mass balance, as well as electricity requirements when 

converting from silica to purified silicon using the Siemens process for a monocrystalline panel.  

 The Siemens process is explained below. 
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Figure 16: Silicon Purification Flowchart 

 Below is a picture of the Siemens process to help visualize the purification technique. 

 
Figure 17: Visualization of the Siemens process33 

 

 Amorphous silicon differs from monocrystalline purification after the carbothermic 

reduction step.  Instead of the Siemens process, silane is created as the precursor to a-Si 

deposition. Silane results from the 2-part equation shown below34. 

Si + 3HCl à HSiCl3 + H2 

4HSiCl3 à SiH4 + 3SiCl4
 

Quartz is reduced in an arc 
furnace in the presence of 
carbon, yielding MG-Si 

(98% purity). 

Then converted to a volatile 
intermediary 

Reacts with hydrochloric 
acid and fractionally 

distillated to 99.999% purity 
HSiCl3 

Si + 3HCl--> HSiCl3 + H2 . 
The Si is then extracted by 
reducing HSiCl3 with H2 at 

high temperatures 

The Si , HSiCl3, and H2 rods  
are then exposed to one 

another, where the HSiCl3 
and H2 rods deposits Si onto 

Si rods, building up the 
cross section. 

Si rods then broken up into 
smaller pieces, while 

maintaining 99.999% purity 
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 This silane is then used for a-Si deposition, which will be explained in the next section. 

 

2.4.5 Solar Cell Production 

Monocrystalline and Polycrystalline Production 

 Once the silicon has been purified to solar-grade state, the next steps required in solar cell 

manufacturing are contingent on the type of cell. Ingot cells must be cast, followed by wafer 

manufacturing. For monocrystalline silicon, the most common method of ingot casting is the 

Czochralski (Cz) process, which the diagram below simplistically illustrates. 

 
Figure 18: Visualization of the Cz process35 

 An issue with Cz grown crystals is that they contain 1017-1018 cm3 of mainly industrial 

oxygen, which will lead to lifetime degradation effects 36. With this knowledge, it is known that 

boron and oxygen are major components of the metastable defect underlying the Cz-specific 

lifetime’s degradation. Put simply, the metastable defect is the displacement of atoms caused by 

neutron radiation, which occurs after free neutrons react with other atoms to form new isotopes. 

To combat the metastable defect another ingot creation technique, the float zone process, has 

been created in the past decade. However, the float zone technique is not employed with solar 

cell manufacturers because of high costs associated with the process, and will therefore not be 

addressed in this report.  

 For polycrystalline silicon, the Bridgman process is employed. Before the production of 

wafers, polycrystalline silicon must be casted into a quartz crucible for the purpose of ingot 

growth. In 2004, the Bridman solidification heat exchange method was the industry leader37. For 

this process, melting and crystallization occur in the same crucible. The controlled heating and 

cooling within the three regions allow for more organized crystal formation. The regions include 
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one greater than the boiling point of silicon, one lower and an adiabatic. The image below better 

illustrates the apparatus38. For this study, the electricity input will be 19.3 kWh/kg poly-Si39.  

 

Figure 19: Bridgman apparatus40 

 The next step in the cell manufacturing is the creation of wafers. Once again, 

monocrystalline and multicrystalline wafer manufacturing employ different procedures. In 

monocyrstalline, wafer saws involve sectioning where cubic ingots are produced. Approximately 

25% of the available silicon is lost in this sectioning process41.  

 For multicrystalline, the ingots are sectioned for the removal of highly contaminated 

peripheral regions, with 15% silicon lost42. In general, another 30% of silicon is wasted as saw 

dust kerf loss. Wafer sawing is 30% of wafer manufacturing cost.  

 From there, the solar cell manufacturing process involves making the cell operational. 

This is achieved through the series of steps outlined below. 
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Figure 20: Solar cell production 

 

 From there, the cell is ready for testing and can be sent to the consumers. 

 

Amorphous Silicon Manufacturing 

 The diagram below illustrates all steps of manufacturing required to obtain an amorphous 

silicon solar cell. 

 
Figure 21: A-Si solar cell production 
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 The next stage of a-Si solar cell manufacturing is amorphous silicon deposition. Both the 

Sharp and DuPont amorphous silicon panels use triple junction technology. This allows for 

continuous deposition. Because each layer has different light absorption properties, these layers 

are applied continuously 43. The deposition process uses a roll to roll technique to deposit the 

nine layers of the triple-junction on six stainless steel rolls 44.  

 From there, multiple stages of cell manufacturing follow. These include module slabbing, 

passivation, cell cutting, and cell interconnection. Next is the application of the module laminate. 

From there, final assembly can occur and the a-Si module can be sent for testing before 

consumer use.  

 

2.4.6 Operation and End of Life Scenarios 

 Once the panel is ready to be sent to the futsal stadium, one can calculate the emissions 

saved from electricity generated from this clean energy. Then, at the end of the cell’s life cycle, 

there are two disposal options which will be discussed. The first is material disposal by landfill. 

The second is recycling of materials. The flow diagram explains the operational phase and end of 

life options. 

 
Figure 22: Life cycle of case study 

 

Sanyo:	  
Transportation	  
from	  Japan	  to	  
Futsal	  Stadium	  

Sharp:	  
Transportation	  
from	  Japan	  to	  
Futsal	  Stadium	  

DuPont:	  
Transportation	  
from	  China	  to	  
Futsal	  Stadium	  
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 These two particular disposal scenarios of (1) 100% landfilling versus (2) 100% recycling 

were analyzed to compare how global warming impact would change with the two different 

scenarios. Because both disposal options generate emissions as a product of either incarnation or 

shredding, the researchers were interested as to which disposal option would be more viable.  

 At this point, all parts of the PV life cycle have been accounted for, and from here the 

researchers can make a decision as to which panel generates the lowest global warming impact. 

 

2.4.7 GWIP Methodology 

 As explained above, this is a comparative cradle to grave study taking into account all 

processes concerning the life cycle of a silicon solar cell. The functional unit used in this study 

has been defined as the kg-CO2 eq emissions per cell.  

 There were numerous issues revolving around data collection concerning this global 

warming impact report. Because many companies were wary to provide specific data concerning 

each cell, the researchers were reduced to collecting literature values and applying them to each 

panel technology.  

 First, the researchers had to calculate the average emission factors for China, Japan, and 

Thailand. The values used to determine these numbers were obtained from Zhidong Li’s 

“Quantitative analysis of sustainable energy strategies in China 45” and the “2010 China 

Statistical Yearbook46.” Japan was determined from the International Energy Agency’s “2010 

Key World Energy Statistics47” document. Thailand was calculated using “2010 Key Statistical 

Data” from the system installed generating capacity. Due to the difficulty in obtaining each 

country’s individual emission factors for coal, oil, and natural gas, the researchers assumed that 

each country’s emission factors were equal and used the 1996 IPCC Guidelines48 to determine 

their average emission factors. 

 Next, the researchers used these average emission factors to find each cell’s emission 

values in terms of grams/panel. In order to accomplish this task, the cell’s energy requirements 

were calculated using Jungbluth et al.’s 2010 report “Part XII: Photovoltaics” and Stoppato’s 

2008 report “Life cycle assessment of photovoltaic electricity generation.” These documents 

yielded specific emissions in terms of grams/panel for Sharp, DuPont, and Sanyo.  

 The researchers find it important to note that both of these reports use data specific to 

photovoltaic production in the United States and Europe. However, the researchers believe that 
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the results presented in these papers are applicable to this specific study, and will serve the 

purpose of generating rough life cycle emission data for each company cell.  

 Also, it is important to restate that Sanyo’s HIT panel is best defined as a photovoltaic 

panel with corresponding amorphous silicon panels attached on both the front and back sides of a 

monocrystalline solar cell. Therefore, when determining its data inventory, both monocrystalline 

and amorphous silicon manufacturing technology were accounted for and properly modified, as 

according to Jungbluth’s and Stoppato’s reports.  

 Once the cell emissions were calculated, the researchers calculated the extraction 

emissions generated from silica sand extraction. All silica sand extraction was assumed to occur 

in Lianopong, China. This was accomplished by determining the silica sand requirements per 

panel and then multiplying out the number of rooftop panels. From there the China’s average 

emission factors were multiplied and then set to kg-CO2 eq using the equivalency values 

determined below in the section 2.4.4 Impact Assessment.  

 Manufacturing emissions were determined using the panel specific emission values and 

multiplying that by the number of rooftop panels for each system. These values were then set to 

kg-CO2 eq.  

 Transportation emissions were calculated in terms of kg-CO2, and were multiplied by the 

mass of the systems and the CO2 emissions from the distance traveled. These calculations 

occurred twice: (1) from silica sand extraction to manufacturing facility and (2) from the 

manufacturing facility to Bangkok, Thailand. It has been assumed that disposal occurs in 

Bangkok and therefore transportation emissions to disposal are deemed negligible. It is important 

to note that because the Sanyo and Sharp panels are both produced in Japan and because of the 

difficulty determining the exact location of their respective plants, it was assumed that both 

Sanyo and Sharp panels were manufactured in Tokyo, Japan. It has been assumed that panels 

have been shipped using a freight container ship. The default scenario is from Shanghai, China. 

It is assumed that all additional transportation is by a heavy duty diesel engine truck.  

 In order to calculate the emissions saved, the researchers used the calculated lifetime 

output in kWh and multiplied that by the Thai emission factors, where were set in grams/kWh. 

These values were then set to kg-CO2 eq using carbon dioxide equivalency values.  

 The two recycling scenarios of 100% landfill versus 100% recycling were compared. The 

values for 100% landfill come from Chaya, Gheewala’s “Life cycle assessment of MSW-to-
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energy schemes in Thailand49,” while the values for 100% recycling come from Mason et al.’s 

“Energy payback and life cycle CO2 emissions of the BOS in an optimized 3.5 MW PV 

installation50,” which found the shredding energy required in terms of MJ/kg. It has been 

assumed that neither disposal scenario gives an energy payback. 

 From there, all parts of the lifecycle were accounted for. The next step was to determine 

the total global warming impact potential from each panel system, and this was calculated using 

the equation below. 

 

𝐺𝑊𝐼𝑃 = 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 +𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 + 𝐷𝑖𝑠𝑝𝑜𝑠𝑎𝑙 + 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

 

 Once the total GWIP was calculated, various panel comparisons were made, including 

kg-CO2 eq per panel and kg-CO2 eq per kWh. 

 

2.4.1 Sanyo Data Inventory 

 The tables below describe the energy requirements of the Sanyo monocrystalline solar 

cell production, as well as the amorphous silicon stages required to create the HIT panel. 
 

Table 8: Sanyo Monocrystalline Operations 

Input Output Electricity (kWh/panel) 
4.34 kg Silica 1.61 kg MG-Si 17.69 

1.61 kg MG-Si 1.42 kg SG-Si 156.54 
1.42 kg SG-Si 1.33 kg Cz-Si 113.98 
1.33 kg Cz-Si 1.24 m2 wafer 9.96 
1.24 m2 wafer 1.17 m2 cell 35.455 
1.17 m2 cell 1 Sanyo panel 

(1.26m2) 
5.94 

Total  339.54 
 

Table 9: Sanyo a-Si Operations51 

Process Stage Estimation for Cumulative Energy Use: Europe 
(MJ/m2) 

Cell material 50 
Substrate and encapsulation 350 

Cell production 400 
Overhead 250 

Total for Laminate 1050 
Source Alsema 2000a52 
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 Once these two operations are complete, then the a-Si sheets are applied to the front and 

back of the monocrystalline cell, creating Sanyo’s HIT panel. 

 

 

 

 

2.4.2 DuPont Data Inventory 

 The table below describes the energy requirements assumed for the DuPont amorphous 

silicon solar cell. 
Table 10: DuPont Operations53 

Process Stage Estimation for Cumulative Energy Use: Europe 
Cell material 50 
Substrate and 
encapsulation 

350 

Cell production 400 
Overhead 250 

Total for Laminate 1050 
Source Alsema 2000a54 

 

2.4.3 Sharp Data Inventory 

 The table below describes the stages assumed for the Sharp polycrystalline silicon solar 

cell.  
Table 9: Sharp Operations55 

Input Output Electricity (kWh/panel) 
4.34 kg Silica 1.61 kg MG-Si 17.69 

1.61 kg MG-Si 1.42 kg SG-Si 156.54 
1.42 kg SG-Si 1.33 kg Cz-Si 113.98 
1.33 kg Cz-Si 1.24 m2 wafer 9.96 
1.24 m2 wafer 1.17 m2 cell 35.455 
1.17 m2 cell 1 Sanyo panel 

(1.26m2) 
5.94 

Total  339.54 
 

2.4.4 Impact Assessment 

 In this study we evaluated the carbon dioxide equivalent emissions, which contribute to 

the greenhouse effect (kg CO2-eq), by using emission factors from the Thailand national 
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database as shown below and more comprehensively in the Appendix. Looking specifically at 

the impact potential for global warming, there are various equivalence values associated with the 

standardizing emission values to kg CO2-eq, as seen below.  

 

 

 
Table 11: Global Warming Impact Potentials 

Substance 
Global Warming Potential 
(GWP100 in kg CO2-eq) 

Carbon Dioxide 1 
Carbon Monoxide 2 

Methane 25 
 

2.4.5 Emissions Avoided 

 The emissions saved from the installed PV systems are considered for environmental 

impact. Credit can be obtained by substituting electricity from the photovoltaic system sent to the 

grid. When all calculation phases are complete, then the amount of emissions generated by the 

photovoltaic system will be known, as well as the total electricity generation. The amount of 

emissions which will be reduced by using the electricity generated for each solar panel 

technology will then be calculated using the current Thai energy mix shown in the table below. 

 
Table 12: Thailand Emission Values (2010) 

Thailand Emission Values:  
Average Emissions (g / kWh) 

 5.92E+01 g CO2 
4.81E-03 g CH4 
1.35E-03 g N20 
5.91E-01 g Nox 
1.15E-01 g CO 
1.89E-02 g NMVOC 

 

2.4.6 Assumptions 

 There are multiple assumptions included for this environmental impact assessment, and 

they go as follows: 
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Emission Factors 

• Each country’s average emission factors were deemed consistent with Thailand’s 

IPCC emission values for coal, oil, and natural gas 

Silica Sand Extraction 

• Extraction amounts determined from Jungbluth et al.’s and Stoppato’s reports 

Manufacturing 

• DuPont/ Sanyo panels use the same energy requirements for their amorphous silicon 

panel manufacturing 

• Sanyo panels also the energy requirements for its monocrystalline solar cell 

production  

• Balance of system was not included in manufacturing emissions because the GWIP is 

solar cell specific 

Transportation 

• Transportation for Sanyo Panels goes from Lianopong, ChinaàShanghai, 

ChinaàTokyo, Japan àBangkok, Thailand 

• Transportation for Sharp Panels goes from Lianopong, ChinaàShanghai, 

ChinaàTokyo, JapanàBangkok, Thailand 

• Transportation for DuPont Panels goes from Lianopong, ChinaàShanghai, 

ChinaàBangkok, Thailand 

• At end of life, disposal occurs in Bangkok, so transportation to disposal is negligible 

• All transportation by either freight cargo ship or heavy duty diesel engine truck 

Operation 

• Calculated using the predicted lifetime output and the Thai average emission factors 

End of Life 

• Scenario 1 GWIP: 100% landfill, 0% recycling 

• Scenario 2 GWIP: 0% landfill, 100% recycling 

• All materials used can be shredded 

• There are no energy paybacks associated with either scenario 

• Landfill emissions determined using Chaya, Gheewala’s Thailand specific literature 

values 
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Sanyo Heterojunction with Intrinsic Thin-Layer System 

• The Siemens processed will be used because it is the most common practice and 

attributes the greatest global potential as compared to fluidized bed reactor and the 

metallurgical route.  

• Combines both monocrystalline and a-Si manufacturing technologies and emissions 

associated with these processes 

2.5 Economic Methodology 

 
When viewed solely as a resource, solar energy is the best option for supplying this world 

with clean energy. However, the immense capital costs have prevented the industry from 

flourishing. Therefore, in any assessment of PV, economics must be discussed and modeled to 

determine the best option in which to invest. There are a variety of equations that can give 

insight into how sound the investment opportunity is. Net present value (NPV) is an equation 

that measures future income and annual costs in terms of current money. The following terms 

must be known in order to calculate: yearly costs (Ci), yearly revenues (Ri) and the discount rate 

(d), where “i” represents the year56.  

 Generally, Ci consists of annual operation and maintenance costs (COM,i), annual finance 

costs (Cf,i), insurance costs (Cins,i) and expenses due to taxes (Ti). Cf,i can be calculated by 

multiplying the remaining debt (Di) by the lending rate (r). However, this array is funded through 

BMA’s budget, meaning they will not need to borrow money and their status as a government 

agency makes the expenses exempt from taxes.  

 

Therefore, Ci = COM,i + Cins,i for i > 0 

When i = 0, yearly costs will also include the initial cost of buying and installing the panels (Ic): 

Ci = COM,i + Cins,i + Ic for i = 0 

Ic = Cp + CBOS + Cinst 

 

 Cp represents the cost of panels (number of panels * price of panel), CBOS is the cost for 

the balance of system (BOS) and Cinst is the installation cost.  
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 For Sanyo, the cost per panel was given as 19,350 while Cp for DuPont and Sharp was 

calculated based on the quote of $1.5/Wp and $1.4/Wp, respectively.  During the time of this 

research the exchange rate for USD to THB was approximately $1.00 = 31.00 THB.  

 Other costs are generally associated with malfunctioning BOS equipment which happens 

on an irregular basis. However, literature has set the lifetime of the inverter to be approximately 

10 years. Therefore, years 2022 and 2032 will require an additional cost for new inverters. 

 Through the research of literature values, the annual cost of operation/maintenance and 

insurance was reported together. Based on three studies from Canada, Spain and Malaysia the 

collective cost (COM + Cins) will be estimated at 1000 Baht/kWp57 58 59. The case study from 

Canada also performed a sensitivity analysis that reported the annual cost of 

operation/maintenance and insurance did not significantly affect the results of the economic 

study60.  

 Yearly revenue, Ri, will be calculated by the following formula: Ri = Psell,i * Esold,i 

 Psell = price at which electricity is sold (baht/kWh) and Esold = how much electricity is 

produced per year (kWh). 

 On June 28, 2010, the Thai National Energy Policy Council (NEPC) changed the feed-in 

tariff from 8 baht/kWh to 6.5 baht/kWh. The feed-in tariff acts as an adder on top of the price 

that EGAT normally pays for peak electricity61. However, the contract between BMA and EGAT 

reported that EGAT has agreed to buy the electricity generated by the rooftop array for 12 

baht/kWh. Finally, the discount rate was set at 4% and the NPV was calculated using the 

summation equation below62 63. 

𝑁𝑃𝑉 =   
(𝑅! −   𝐶!)
(1+ 𝑑)!

!"

!!!

 

Table 13: NPV Variable Amounts 

Variable Amount or Rate 
COM,i + Cins,i 1000 baht/kWp 

Ic See Table 14 below 
Psell,i 12.00 baht/kWh 

D 4-6% 
R 5.935% 
I 30 years 
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Table 14: Initial Costs Panel Comparisons 

Initial Costs 
Company Module # Number of 

Panels 
Price per 

Panel 
(Baht) 

BOS Cost 
(Baht) 

Installation 
Cost (Baht) 

Total (Baht) 

DuPont DA142 4836 6603 20,500,000 2,000,000 54,000,000 
DuPont 
(tilted) 

DA142 4678 6603 20,000,000 1,900,000 53,000,000 

Sanyo HIP-
215NKHE5 

6136 19,350 39,700,000 3,800,000 162,000,000 

Sanyo 
(tilted) 

HIP-
215NKHE5 

5562 19,350 35,900,000 3,400,000 147,000,000 

Sharp ND-R240A5 4684 10,416 30,200,000 3,500,000 83,000,000 
Sharp ND-R240A5 4456 10,416 30,200,000 3,500,000 80,000,000 

 

 The payback period (PBP) is the time it takes for the revenue to become greater than the 

cumulative costs, including the initial costs (Ic). This equation was also added to the model to 

predict when the system will have paid for itself. BMA has estimated this period to be six years. 

The model was often more favorable and estimated a PBP of 2-8 years depending on the 

technology/scenario.  

 

(𝑅! − 𝐶!) = 0
!"!

!!!
 

 

2.5.1 Investor perspective 

 The above economic model is unique in that a government organization (BMA) is 

funding the project with its budget. However, by adding a few more parameters, this economic 

model can serve as a resource for investors. Financing costs are necessary to consider when 

investing in PV. The terms were summarized earlier in the section and the resulting equation is 

given below. 

Cf,i = r * Di 

 If this project were to be 100% debt financed, the financing cost would contribute to the 

economic feasibility study. The rate of 5.935% will be used since it represents the average 

commercial bank prime lending rate64. The investor(s) can pay off the debt in a graduated or 

equated strategy. It has been studied that the graduated method works better for PV because it 

allows for low initial yearly payments that will increase after a predetermined timeframe. The 
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increased yearly payments will likely coincide with the time that the array begins to profit. 

However, a modified equated strategy was modeled due to the uncertainty of the BMA’s strategy 

and simplicity purposes. When payback has been achieved, payments will be made at 7% of the 

initial costs. The finance costs will be applied until the debt is repaid.  

 For this study, taxes will be ignored because they are highly dependent on policy. For 

renewable technology, taxes usually come in the form of benefits. However, the Thai feed-in 

tariff is the main endorsement. Private investors will be unlikely to obtain the same agreement 

with EGAT concerning the price of electricity. In 2010, the metropolitan electricity authority 

(MEA) received electricity for 2.55 baht/kWh65. Therefore, Psell,i should be approximately 9.05 

baht/kWh after the feed-in tariff has been applied. Note that this value is set as constant for the 

calculations but will likely fluctuate (increase) over the lifetime of the panel. Also, a higher 

discount rate of 6% was used.  

 Recent publications have used an energy specific economic equation to remove bias 

between energy technologies66. Levelized cost of electricity (LCOE) is the ratio of a system’s 

lifetime costs to the lifetime electricity generation. This relationship utilizes parameters already 

calculated for NPV, namely yearly cost (Ci) , yearly electric output (Ei) and the discount rate (d). 

After arithmetic rearrangement, the equation for LCOE is given below67. 

𝐿𝐶𝑂𝐸 =

𝐶!
(1+ 𝑑)!

!"
!!!

𝐸!
(1+ 𝑑)!

!"
!!!

 

 One of the benefits of calculating the LCOE is the convenient units (baht/kWh) allow for 

direct comparison with grid or power plant prices.  

 

 

 

 

 

 

 

 

III. Results & Discussion 
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3.1 Output Results 

 The properties of each panel examined in this study are described in Table 15. 
Table 15:Panel Comparisons 

PV 
Name Company 

Where 
Produced Type of Panel Dimensions (m) 

Weight 
(kg) 

Module 
Efficiency 

(%) 

Nominal 
Power (Wp) 

ND-
R240A5 SHARP Japan Polycrystalline 

Silicon 1.652x.994x0.046 19 14.6% 240 

DA142 DUPONT 
APOLLO China 

Amorphous/Micro-
crystalline (Tandem 

junction) 
1.409x1.110x0.035 20 9.08% 142 

HIP-
215NK

HE5 
SANYO Japan 

Heterojunction with 
Intrinsic Thin-Layer 

(HIT) 
1.580 x 0.798 x 

0.035 15 17.1% 215 

 

3.1.1 Comparison of the Output Results for Scenarios 1 and 2 

 
Table 16: Comparison of Scenario 1 and Scenario 2 Number of Panels 

Panel 
Number Panels 

Scenario 1 
Number Panels 

Scenario 2 

Panel Number 
Difference 

(Scenarios 1 & 2) 
Sharp 4684 4456 228 

DuPont 4836 4768 68 
Sanyo 6136 5562 574 

 

 Table 16 gives the number of panels that could fit on the roof within each scenario. Since 

Sanyo is the smallest panel, it follows that more Sanyo panels can fit on the roof than the panels 

of the other offers. It can also be seen that more panels are utilized in scenario 1 than in scenario 

2. This is a result of the shading spaces added in scenario 2 which take up useable roof space that 

could otherwise be filled with PV panels.  

 
Table 17: Comparison of Total Output/Average Output 

Panel 
Total Output Scenario 

1 (kWh) 
Total Output Scenario 

2 (kWh) 
Per Panel Output 
Scenario 1 (kWh) 

Per Panel Output 
Scenario 2 (kWh) 

Sharp 6.81E+07 6.49E+07 1.45E+04 1.46E+04 
DuPont 4.42E+07 4.36E+07 9.15E+03 9.15E+03 
Sanyo 8.50E+07 7.70E+07 1.39E+04 1.38E+04 
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 It can be seen from Table 17 that Sanyo has the highest total output in both scenarios 

followed by Sharp and then DuPont. However, when looking at the per panel output, Sharp 

yields the highest kWh/panel, followed by Sanyo and DuPont.  

 
Figure 23: kWh/yr Average Output Comparisons for Scenario 1 versus Scenario 2 
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Figure 24:kWh/yr Average Output Comparisons for Scenario 1 versus Scenario 2 
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 This statistic raises the question of what is the most important factor in determining kWh 

output of the entire rooftop array? The three factors that could contribute to the difference in 

output between the three offers are (1) the rated efficiency of the panel, (2) the nominal power of 

the panel and, (3) the number of panels in the array. From Table 16 it is apparent that Sanyo has 

the most number of panels, followed by Sharp and then DuPont. Sanyo has a higher efficiency of 

17.1% compared to Sharp’s 14.6% and DuPont’s 9.08%. However, Sharp’s nominal power of 

240 W is much greater than Sanyo’s 215 W and DuPont’s 142 W. The DuPont panel is the least 

attractive option given its disadvantages in terms of nominal power and efficiency.  

 A comparison of each panel’s output capacity was calculated through a simulation using 

a standardized number of panels on the rooftop. By standardizing the number of panels in the 

simulation, the outputs of one offer to another can be compared without bias from panel size or 

rooftop area. Also, using this method the efficiency and nominal power of the panels could be 

examined independent of the number of panels in each array. 

 In the simulation, one panel was placed in each of the 16 separate areas on the rooftop. In 

scenario 1, this placement accounted for the differing amounts of solar radiation received on the 

four sides of the stadium. In scenario 2, this placement accounted for the varying shading loss 

percentages on the different sides of the roof. Even though a single panel would not be affected 

by shading losses, these percentages were included to provide results that are directly relatable to 

scenario 2.  

 From Table 18 below, it can be seen that nominal power has a greater influence than does 

efficiency on electricity output within this study. This is evidenced by the fact that Sharp, with a 

higher nominal power, outperformed the more efficient panel, Sanyo, in the simulation.  

 
Table 18: Output comparison for 16 total panels (one panel in each of the 16 rooftop areas) 

 Scenario 1 Standardized  
Output (kWh) 

Scenario 2 Standardized 
Output (kWh) 

DuPont 146,330 146,600 
Sanyo 221,760 221,340 
Sharp 232,630 233,120 

 

 With the same number of panels under the same circumstances, the Sharp panel 

outperforms both the Sanyo and DuPont panel. However, it can be seen in Table 17 that when 
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the entire layout of each scenario is considered, the Sanyo panel generates a greater amount of 

electricity than both Sharp and DuPont. The only factor varied in the transition between the 

simulation and the entire scenarios was the area constraint of the roof.  

 Therefore, it can be concluded that the number of panels that could be fit onto the roof 

was the most significant factor in the generation of electricity from the arrays in this study. 

 

3.1.2 Output Sensitivity Analysis 

 Throughout the study, assumptions were made that should be analyzed. Albedo was 

assumed to be an average value and the dataset that included solar radiation and temperature data 

was assumed to be average. Furthermore, the values for the walkway spacings on the roof are 

subject to change depending upon the preferences of the architects. It is necessary to see how the 

output values from the rooftop would change in the case that these assumptions are inaccurate; 

therefore a sensitivity analysis was conducted.  

 

(1) Albedo 

 Since the area of the construction site is not well known and will likely change after 

construction, the albedo was assumed to be a very average 0.5. However, the albedo could vary 

significantly depending on how developed or underdeveloped the area becomes and thus affect 

the output of the rooftop PV array.  

 Three different albedo values were tested and the resulting outputs were compared to the 

output from the original value of 0.5. There are a total of six cases to be considered from the 

three panel offers, each with two scenarios. For all six cases, percent differences for the albedo 

being tested compared to the original value were calculated. These percent differences for all six 

cases were averaged, and the ranges of these values were taken to be the greatest difference 

between the average value and the maximum or minimum value. Results of this analysis are 

listed in Table 19. 
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Table 19: Sensitivity analysis results for albedo values corresponding to different materials68 

Albedo Material Average Percent 
Change of Output 

Range of 
Values 

0.12 Worn asphalt -10.77% +/- 0.36% 
0.25 Green grass -6.92% +/- 0.26% 
0.55 New concrete 1.29% +/- 0.07% 

 

 Table 19 demonstrates that the varying materials surrounding the stadium will contribute 

significantly to how much radiation the solar array receives, and therefore has a large impact on 

the electricity output of the system. Further research needs to be done on the albedo of the 

surrounding area as it is being developed to obtain a more accurate electricity production 

prediction. 

 

(2) Radiation and temperature 

 Global and diffuse radiation data along with ambient temperature data from the year 2000 

were obtained as reference datasets. Values from this year are considered average and contain 

few outliers. However, a sensitivity analysis was conducted to determine the effect that varying 

meteorological conditions could have on the output of the system.  

 In one case, irradiance values were varied by 5% across the entire dataset while leaving 

the temperature data unchanged. In a second case, the temperature values were varied by 5% 

across the entire dataset while leaving irradiance unchanged. For each of the six cases, the 

changes in outputs resulting from the data manipulation were determined. The percent difference 

between the varied data and original data was used to measure the effect of each change. The 

percent differences for all 6 cases were averaged; the ranges of these values were taken to be the 

greatest difference between the average value and the maximum or minimum value. Results of 

this analysis are listed in Table 20. 

 
Table 20: Sensitivity analysis results for irradiance and temperature parameters 

Parameter Varied Average Percent 
Change in Output 

Range of 
Values 

Temperature +5% -0.61 % +/- 0.24% 
Temperature -5% 0.60 % +/- 0.24% 
Irradiance +5% 3.81 % +/- 0.22% 
Irradiance -5% -4.08 % +/- 0.17% 
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 Table 20 shows that varying irradiance has a much greater impact on the electricity 

produced than varying temperatures. In the rainy season, this will be most important, due to 

increased cloud cover. It is expected that the stadium will be producing less electricity during 

this time than the rest of the year. Bangkok’s temperature ranges over the year will not 

significantly affect the output of the system. 

 

(3) Walkway Spacing 

 There were multiple walkways considered when determining the PV array layout. A total 

of six separate walkways were used; these can be divided into three categories based on their 

purpose:  the walkway spacing between rows of panels, the flower spaces, and the utilitarian 

walkways. The walkways in each of these categories were varied to determine how significantly 

the chosen walkway width affected the output of the array. The parameters for each category 

were modified independently to allow for changes to be made only to those walkways which 

greatly affect the results if deemed necessary by the architects. The walkway around the edge of 

the roof was not considered as its value of 0.5 was deemed a necessary minimum unlikely to 

change.  

 The first category includes only the walkway spacing between rows of panels, which is 

used far more often in the array than any other walkway. This value was varied by 0.1 m above 

and below the chosen value of 0.5 m; a width smaller than 0.4 m would likely impede cleaning 

and was chosen as the minimum value.  

 The second category consists of the flower spaces. The minimum width was chosen as 

0.9 m to be a reasonable option for the design because the flower space should be wider than the 

0.7 m steel grate in order to stand out when viewed from above. The values were therefore varied 

by 0.2 m. 

 The third category is the utilitarian walkways. The primary maintenance walkway and 

walkway around the skylight were grouped together because they serve the same purpose of 

skylight maintenance access. Minimum values of 0.7 m were chosen because this is the width of 

the steel grates which comprise these walkways; for this reason, the widths were varied by 0.2 m.  

 Only scenario 1 was used in this analysis because the lower outputs and uncertainty of 

installation of scenario 2 will likely cause the architects to choose a layout from scenario 1. The 

results of this sensitivity analysis are expressed in terms of the number of panels lost and the 
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corresponding percentage loss in electricity output per year. These results are summarized in 

Table 21.  
Table 21: Sensitivity analysis results for varying walkway widths 

Parameter Varied 
Number of Panels Gain 

or Loss * 
Percent Rooftop Electricity Output 

Gain or Loss * 
DuPont Sanyo Sharp DuPont Sanyo Sharp 

Walkway Between 
Rows 

+ 0.1m 
-124 -196 -96 -2.56% -3.19% -2.05% 

Walkway Between 
Rows 
– 0.1m 

160 152 132 3.31% 2.48% 2.82% 

Flower Spaces 
+ 0.2 m -24 -24 -32 -0.50% -0.39% -0.68% 

Flower Spaces 
- 0.2 m 20 16 24 0.41% 0.26% 0.51% 

Maintenance and 
Skylight Walkways 

+ 0.2 m 
-48 -120 -36 -0.99% -1.96% -0.77% 

Maintenance and 
skylight walkways 

- 0.2 m 
0 64 23 0% 1.04% 0.43% 

* Losses expressed as negative numbers. 

 

 It can be seen in Table 21 that varying some walkway widths does have an appreciable 

effect on the annual electricity output of the array. Varying the width of the walkways between 

rows has the most significant effect, an anticipated result due to the vast number of these 

walkways present on the roof. These results can be used by the architects in order to judge the 

impacts that improving the either the aesthetics or the functionality of this array would have on 

the electricity output. The change in number of panels is not equivalent for the minimum and 

maximum values used in this analysis; this is due to the irregular shape of both the panels and the 

rooftop which causes changes in the system to have nonlinear results.  
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3.2 Global Warming Impact Results 

3.2.1 Total global warming impact analysis for Scenarios 1 & 2 

 

 The table below summarizes the global warming impact potential for the entirety of 

scenarios 1 and 2, including a comparison of both disposal options. 

 
Table 22: Scenario 1 and Scenario 2 Comparisons for Sharp, DuPont, and Sanyo 

Scenario 1 GWIP (kg-CO2 eq) Landfill Scenario 

Panel Extraction Manufacturing Transportation Landfill Operation Emissions without 
Operation 

Total 
Emissions 

Sharp 3.34E+04 2.08E+05 1.52E+05 2.43E+04 4.06E+06 4.18E+05 -3.64E+06 
DuPont 3.95E+02 2.20E+05 1.13E+04 2.64E+04 2.63E+06 2.58E+05 -2.37E+06 
Sanyo 3.36E+03 5.45E+05 2.68E+04 2.51E+04 5.06E+06 6.00E+05 -4.46E+06 

Scenario 1 GWIP (kg-CO2 eq) Recycling Scenario 

Panel Extraction Manufacturing Transportation Recycling Operation Emissions without 
Operation 

Total 
Emissions 

Sharp 3.34E+04 2.08E+05 1.52E+05 5.00E+02 4.06E+06 3.94E+05 -3.66E+06 
DuPont 3.95E+02 2.20E+05 1.13E+04 5.44E+02 2.63E+06 2.33E+05 -2.40E+06 
Sanyo 3.36E+03 5.45E+05 2.68E+04 5.18E+02 5.06E+06 5.76E+05 -4.49E+06 

 

Scenario 2 GWIP (kg-CO2 eq) Landfill Scenario 

Panel Extraction Manufacturing Transportation Landfill Operation Emissions without 
Operation 

Total 
Emissions 

Sharp 3.18E+04 1.98E+05 1.44E+05 2.31E+04 3.86E+06 3.97E+05 -3.47E+06 

DuPont 3.89E+02 2.17E+05 1.12E+04 2.60E+04 2.60E+06 2.55E+05 -2.34E+06 

Sanyo 3.05E+03 4.94E+05 2.43E+04 2.28E+04 4.58E+06 5.44E+05 -4.04E+06 

Scenario 2 GWIP (kg-CO2 eq) Recycling Scenario 

Panel Extraction Manufacturing Transportation Recycling Operation Emissions without 
Operation 

Total 
Emissions 

Sharp 3.18E+04 1.98E+05 1.44E+05 5.24E+02 3.86E+06 3.75E+05 -3.49E+06 

DuPont 3.89E+02 2.17E+05 1.12E+04 5.36E+02 2.60E+06 2.29E+05 -2.37E+06 

Sanyo 3.05E+03 4.94E+05 2.43E+04 4.69E+02 4.58E+06 5.22E+05 -4.06E+06 
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Figure 25: Manufacturing emission comparison of Sharp, DuPont, and Sanyo 
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 From the table it is apparent that the Sanyo HIT system will yield the greatest emission 

savings over its lifecycle, followed by Sharp and then DuPont. 

 From the above figure one can see that Sanyo has the greatest manufacturing emissions 

by over a factor of two. 

 
 When Sanyo’s manufacturing and extraction emissions are coupled with transportation 

 
Figure 26: Comparison of Sanyo, Sharp and DuPont without considering emissions offset 
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Figure 28: Total emissions comparison of Sanyo, DuPont, and Sanyo 
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emissions and disposal it has the highest kg-CO2 eq values of the three panels, as seen above in 

Figure 26.  

 
 The operation savings, however, illustrate that all three panels have a much greater 

potential for overall kg-CO2 eq savings, with Sanyo yielding the greatest savings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 27: Comparison of Sanyo, Sharp and DuPont for operation savings 
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3.2.2 Comparison of the global warming impact for Scenarios 1 & 2 
 

Table 23: Total GWIP Comparisons for Sharp, DuPont, and Sanyo 

Panel 
Total Emissions 

Scenario 1 (Landfill) 
Total Emissions 

Scenario 2  (Landfill) 
Total Emissions 

Scenario 1 (Recycling) 
Total Emissions 

Scenario 2 (Recycling) 

Sharp -3.64E+06 -3.47E+06 -3.66E+06 -3.49E+06 

DuPont -2.37E+06 -2.34E+06 -2.40E+06 -2.37E+06 

Sanyo -4.46E+06 -4.04E+06 -4.49E+06 -4.06E+06 
 

 By comparing scenarios 1 and 2, it becomes apparent that scenario 1 is the better option 

with regards to global warming impact potential. In nearly all cases the panels have a lower 

global warming impact potential in scenario 1 when compared to scenario 2, with Sanyo being 

the most attractive option of the three panels. Sharp provides the second best GWIP.  

 DuPont is the worst option of the three panels with regards to total emissions for both 

scenarios. DuPont’s low conversion efficiency and high manufacturing energy requirements 

yields the lowest kg-CO2 eq emission savings over the lifecycle of the proposed system. 

 This is due to the increased availability of rooftop space available in scenario 1. Scenario 

2 has less available rooftop area due to increased spacing between the panels, a consequence of 

shading losses associated with tilting the panels.  

 When comparing the Sanyo and Sharp system, Sanyo provides the greatest kg-CO2 eq 

emissions savings over the lifespan of the proposed rooftop design, even with its high emissions 

associated with the manufacturing and extraction of these panels. Sanyo’s small size and high 

efficiency allows for more panels to fit on the stadium’s roof and therefore offset more kg-CO2 

eq emissions from operation than Sharp.   

 

3.2.3 Comparison of emissions per panel versus per kWh 

 The table below offers a kg-CO2 eq per panel comparison for scenario 1, with respect to 

the landfill disposal option. 
Table 24: kg-CO2 eq/per panel comparisons for Scenario 1 Landfill Emissions 

Scenario 1 Landfill (kg-CO2 eq/panel) 
Panel Operation Emissions without Operation Total 

Sharp -8.66E+02 8.92E+01 -7.77E+02 
DuPont -5.45E+02 5.35E+01 -4.91E+02 
Sanyo -8.25E+02 9.78E+01 -7.27E+02 
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Figure 29: kg-CO2 eq per panel comparison for Sharp, DuPont, and Sanyo 
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 This table indicates that per panel, Sharp saves the greatest amount of kg-CO2 eq, 

followed by Sanyo and then DuPont. This is because the kg-CO2 eq emissions without operation 

are lower than Sanyo and DuPont, and Sharp’s kg-CO2 eq operation savings are higher than the 

other two panels.  

 The figure below further illustrates this data.  

 

 Sharp is the best option when considering kg-CO2 eq emissions per panel. This can be 

attributed to Sharp’s low extraction and manufacturing emissions, as well as its reasonably high 

output, a result of its high efficiency and watt peak.   

 An interesting statistic to analyze when comparing the three panels is that for every 100 

Sharp panels, it would take 107 Sanyo panels (7% difference) or 158 DuPont panels (58% 

difference) to offset as many kg-CO2 eq emissions, when considering each panel’s GWIP. This 
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indicates a significant difference between Sharp/Sanyo versus DuPont in terms of kg-CO2 

eq/panel, while the Sharp and Sanyo panels are similar. 
 

Table 25: g-CO2 eq per kWh Panel Comparison 

Scenario	  1	  GWIP	  (g-‐CO2	  eq/kWh)	  Landfill	  Scenario	  
Panel	   Operation	   Emissions	  without	  Operation	   Output	   g	  CO2	  eq/kWh	  
Sharp	   4.06E+06	   4.18E+05	   6.81E+07	   5.34E+01	  
DuPont	   2.63E+06	   2.58E+05	   4.42E+07	   5.37E+01	  
Sanyo	   5.06E+06	   6.00E+05	   8.50E+07	   5.25E+01	  

 

 However, when compared in g-CO2 eq emissions per kWh, DuPont saves the greatest 

amount of g-CO2 eq emissions (53.7 g-CO2 eq/kWh), with Sharp (53.4 g-CO2 eq/kWh) and 

Sanyo (52.5 g-CO2 eq/kWh) close behind. This observation indicates that, while Sharp and 

Sanyo enjoy greater carbon dioxide equivalent savings because of their high outputs, DuPont 

may be a viable alternative for a smaller array system.  

 

3.2.4 GWIP Sensitivity Analysis 
 

Table 26:GWIP Sensitivity Analysis 

Parameter Varied Percent GWIP Change 
Sharp DuPont Sanyo 

Manufacturing Energy Requirements (MJ/m2) 
(+/-10%) 0.5% 0.9% 1.2% 

Number Panels (+/-10%) 2.4% 1.2% 1.4% 
Thai Emission Factors or Lifecycle Output  

(+/-10%) 11.3% 11.1% 11.4% 

Chinese (Extraction) Emission Factors (+/-10%) .01% .03% .05% 
 
 The above sensitivity analysis was conducted in the scenario 1 landfill disposal option for 

all parameters varied, but the trends hold constant for both scenarios and disposal options. It was 

found that, with the exception of Thailand’s calculated emission factors, the other parameters 

play an insignificant role in changing the global warming impact potential. The reasoning behind 

this is seen more clearly when examining the drastic change in GWIP when considering the Thai 

emission factors.  
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 Because the lifetime kg-CO2 eq savings are on the order of 9 to 10 times greater the kg-

CO2 eq emissions, depending on the panel, it makes sense that changing Thailand’s emission 

factors will drastically affect the lifetime GWIP for all panels.   

 

3.3 Economic Results & Discussion 

 
Table 27: Levelized Cost of Electricity Comparison for Both Scenarios 

LCOE (baht/kWh) 
Company Standoff Tilt Debt Financed 

Standoff 
Debt Financed 

Tilt 
DuPont 1.86 1.85 2.54 2.55 
Sanyo 2.54 2.55 3.74 3.75 
Sharp 2.03 2.09 2.60 2.80 

 Based on the offers received by the BMA, the PV array has achieved grid parity 

(assumed 2.55 baht/kWh) for all technologies and orientations. However, when the project is 

100% debt financed, only DuPont demonstrates an LCOE less than 2.55 baht/kWh. Of course, 

this conclusion is made with the unlikely assumption that the average price for Bangkok grid 

electricity will remain at 2.55 baht/kWh for the next 30 years. The other companies will likely 

reach grid parity in the future.  
Table 28: Economic Full Results 

Full Results 
Scenario NPV (baht) PBP (year) LCOE (baht/kWh) 

DuPont Standoff 144,000,000 2014 1.86 
DuPont Tilted 142,000,000 2014 1.85 

DuPont Standoff 
Debt Financed 

53,000,000 2016 2.56 

DuPont Tilted 
Debt Financed 

52,000,000 2016 2.93 

Sanyo Standoff 258,000,000 2016 2.54 
Sanyo Tilted 233,000,000 2016 2.55 

Sanyo Standoff 
Debt Financed 

84,000,000 2020 3.74 

Sanyo Tilted 
Debt Financed 

75,000,000 2020 3.75 

Sharp Standoff 218,000,000 2014 2.03 
Sharp Tilted 206,000,000 2014 2.09 

Sharp Standoff 
Debt Financed 

81,000,000 2016 2.60 

Sharp Tilted 
Debt Financed 

75,000,000 2016 2.80 
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 The table above displays the final results from the three economic tools. There is no clear 

choice in which technology would be the best investment. Instead, the BMA or investor must 

decide what is most crucial for their decision. It would be unwise to invest in the tilted 

orientation because the spacing required to reduce shading prevents the rooftop area from being 

completely utilized. Also, the predicted installation cost for the tilted panels will likely be greater 

as the estimation was derived from quotes concerning the standoff scenario. The a-Si panel 

provided by DuPont has the lowest LCOE, and its payback period is similar to that of the poly-Si 

Sharp module. Sanyo is by far the most expensive offer sent to the BMA. However, its compact 

size and high efficiency allow for the greatest revenue and NPV. Its payback period and LCOE 

are not as attractive as Sharp or DuPont. But over the panel lifetime, Sanyo can output much 

more electricity because the rooftop can accommodate nearly 1500 more panels than Sharp. 

Sharp also appears as an attractive offer as the price per panel is 46% cheaper than Sanyo, 

despite outputting 10% more power per module. Sharp is also cheaper than DuPont on a per Wp 

basis and demonstrated a low LCOE.   

 

 
Figure 30: BMA NPV v Year Panel Comparison 
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Figure 31: Investor NPV v Year Panel Comparisons 

3.3.1 Economic Sensitivity Analysis 
Table 29: Economics Sensitivity Analysis 

Parameter Change NPV PBP LCOE Comment 
Operation and 
Maintenance 

Costs 

10% increase 6.6% 
decrease 

No change 
(within same 

year) 

6.7% increase Parameter is not 
highly influential of 
results. Agrees with 

literature. 
Initial Costs 10% increase 2.0% 

decrease 
No change 

(within same 
year) 

7% increase Parameter is not 
highly influential of 

results. 
Price per 

kWh 
-3 baht 
(25% 

decrease) 

32% decrease 1 year 
increase 

No change 
(independent of 

revenue) 

Very significant 
parameter. 

Electricity 5% decrease 6.2% 
decrease 

No change 
(within same 

year) 

5% increase Important to the 
results, especially 

NPV. 
Discount Rate 2% increase 

(d = 6%) 
43% decrease No change 

(within same 
year) 

No change 
(independent of 
discount rate) 

Highly influential for 
NPV 

Lending Rate 4% increase 
r =10% 

7.4% 
decrease 

1 year 
increase 

15.7% increase Influential for all 
equations. 

Debt Yearly 
payment 
5%/10% 

2.5% 
decrease / 

2.5% increase 

No change 
(within same 

year) 

6.8% increase, 
5.4% decrease 

LCOE affected most 
by payment schemes 

 

-‐2E+08	  

-‐1.5E+08	  

-‐1E+08	  

-‐50000000	  

0	  

50000000	  

100000000	  

150000000	  
N
PV

	  (b
ah

t)
	  

Year	  

Investor	  NPV	  vs.	  Year	  

D-‐S	  

D-‐T	  

Sa-‐S	  

Sa-‐T	  

Sh-‐S	  

Sh-‐T	  



Fall 2011 Capstone Project/Photovoltaic Viability for Futsal Stadium 68 
 

 The above sensitivity analysis was carried out primarily on Sanyo and Sharp but the 

trends hold for DuPont as well. Besides the “r” and debt” parameter, all tests were applied to the 

standoff BMA scenario for simplicity. It was found that the initial and operation costs play a 

minor role in the equations used. The long lifetime of PV allowed for increases in initial cost to 

have a minimal effect. Conclusions can be drawn from larger Ic changes by comparing the three 

companies of this study. The price per kWh appears to be the most important parameter to 

consider. The economic results would have been inferior if the BMA had not secured a price of 

12 baht/kWh. Electricity output was another important parameter; the statistics from the table 

can serve as a reference if the array outputs less/more electricity than expected. A different 

discount rate (d) was used for the BMA study and investor perspective due to suggestions by 

literature. A social discount rate was used in the BMA section as the government project will 

likely have social benefit. Investors, on the other hand, use a higher discount rate to maximize 

short term profit69. The lending rate “r” will not likely change by 4% but was modified 

regardless to understand the role it plays. Increasing “r” will lead to greater finance costs which 

will affect the NPV, PBP, and LCOE. The debt rate paying scheme was lowered/increased (from 

7%) and was found mainly to affect the LCOE. 

 Next, the modules were normalized to 5000 panels and 1MW capacity. For the 1MW 

scenario, DuPont was the most ideal for all equations. Sanyo had the next greatest NPV, and 

Sharp finished second for PBP and LCOE; PBP one year greater than DuPont and LCOE 14% 

greater. With 5000 panels each, the results are nearly identical to the BMA study; lowest LCOE 

is DuPont, highest NPV is Sanyo and PBP is best for Sharp and DuPont. This case study is 

constrained by the area of the rooftop. If one was to create a rooftop array restricted by electricity 

output or number of panels, this analysis may prove useful.  
 

Table 30: Economic Sensitivity Analysis of 1 MW Normalization 

Company NPV (baht) PBP (year) LCOE (baht/kWh) 

DuPont 1MW 210,000,000 2014 1.87 

Sanyo 1MW 195,000,000 2016 2.54 

Sharp 1MW 191,000,000 2015 2.17 
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IV. Conclusions 

 The results offer differing panel rankings, depending on which optimization is 

considered. The results for output, GWIP and economics point to different panels for different 

parameters. Which panel is best depends on the context.  

 However, certain conclusions were clearly seen in this case study. With the aesthetic and 

area constraints of the rooftop, the standoff arrangement will likely be utilized for greatest 

electric output. The small size and high efficiency of Sanyo works well for this kind of project, 

whereas DuPont’s low nominal power and larger size leaves the array capacity at well under 

1MW. Sharp’s competitive price and high nominal power appears attractive as the large 

investment required for the Sanyo panels is unsettling. The table below summarizes the final 

rankings.  
Table 31: Final Panel Rankings for Various Optimization Parameters 

Rankings 
Company # of 

Panels 
Output / 
panel 

Total 
output 

Total kg 
CO2 eq 
saved 

kg CO2 
per panel 

NPV PBP  LCOE 

DuPont 2 3 3 3 3 3 1 1 
Sanyo 1 2 1 1 2 1 3 3 
Sharp 3 1 2 2 1 2 1 2 
 

 DuPont’s average rank was 2.4, while Sharp and Sanyo tied with 1.75, making the 

ultimate decision very difficult. BMA should add weighting to this ranking scheme to determine 

final selection.  

 

4.1 Limitations 

 This study is limited to the greater Bangkok area and should serve as a case study specific 

to the three panel technologies studied. Whenever possible, product/site-specific data was used. 

Unfortunately there were numerous occasions where literature was used in place of unattainable 

product data. For example, the manufacturing of panels was solely derived from existing data 

and assumed to be similar to the techniques of DuPont, Sanyo and Sharp. Additionally, the BOS 

cost for DuPont were estimated from the Sanyo offer. Output modeling was limited to irradiance 

values from 2000 and was highly dependent on albedo. 
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4.2 Future Recommendations 

 Many models were created to help predict how the PV systems would respond in terms of 

GWIP, electricity output and economics. Literature was consulted often to understand the 

methodology and to provide tools to aid in the model. Product specific information was used as 

much as possible from the quotes and specification sheets provided.  

 When considering GWIP it would be a worthwhile venture to include balance of system 

for each proposed panel. This would create more robust GWIP and may offer further insight with 

regards to manufacturing emissions. 

 Depending on how accurate this model is, it can serve as a relevant source for similar PV 

projects in the Bangkok area. PV systems are always equipped with meters and data acquisition 

software that can take output measurements. With the addition of solar radiation instruments, the 

models from this study could be proved or disproved. It would be worthwhile conduct an 

additional study that takes measurements of electricity output and incoming solar radiation from 

the installed photovoltaic system. Then the actual data can be compared with the model, allowing 

for modifications and understanding of which parameters are most influential. The updated 

model will have been verified by a large rooftop project and will hold more weight as a source 

for future PV systems.  
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Glossary 
Albedo the fraction of solar energy (shortwave radiation) reflected from the Earth back into space 
Amorphous 
silicon 

non-crystalline allotropic form of silicon 

Azimuth the arc of the horizon measured clockwise from the south point 
Carbothermic 
Reduction 

reaction using carbon as reducing agent, usually for metal oxides 

Cradle-to-grave LCA method following a product’s life cycle from its materials used to its disposal 
Czochralski 
method 

process of growing single crystals of semiconductors 

Dangling bond 
density 

silicon atoms are missing and unpaired valence electrons exist forming electrically active 
interface traps, creating this phenomena known as a the dangling bond density 

Diffuse 
radiation 

solar radiation reaching the Earth's surface after having been scattered from the direct solar beam 

Direct band gap energy range in a solid where no electron states exist 
Direct radiation radiation comprising the useful beam 
Doping Any impurity added to a semiconductor to modify its electrical conductivity 

Fill factor the ratio (given as percent) of the actual maximum obtainable power, (Vmp x Jmp) to the 
theoretical (not actually obtainable) power, (Jsc x Voc). 

Float zone 
process 

Float-zone silicon is a high-purity alternative to crystals grown by the Czochralski process. 

Futsal A variant of association football that is played on a smaller pitch and mainly played indoors 
Ingot Mass of metal cast into a size and shape such as a bar, plate, or sheet convenient to store, 

transport, and work into a semifinished or finished product 

Intrinsic layer A photodiode is a type of photodetector capable of converting light into either current or 
voltage, depending upon the mode of operation. 

Inverter Inverter, an electrical/electronic device which converts direct current (DC) to alternating current 
(AC) 

Irradiance radiometry term for the power of electromagnetic radiation at a surface, per unit area 
Islanding refers to the condition in which a distributed generation (DG) generator continues to power a 

location even though electrical grid power from the electric utility is no longer present 
Metallurgical 
grade silicon 

Metallurgical grade silicon is commercially prepared by the reaction of high-purity silica with 
wood, charcoal, and coal in an electric arc furnace using carbon electrodes 

Metastable 
defect 

displacement of atoms in a solid caused by neutron radiation. 

Monocrystalline silicon in which the crystal lattice of the entire solid is continuous, unbroken (with no grain 
boundaries) to its edges 

Multiple 
junction 

two mechanically separate thin film solar cells and wired together separately outside the cell 

Negative versus 
Positive Layer 

both materials are electrically neutral, n-type silicon has excess electrons and p-type silicon has 
excess holes. Sandwiching these together creates a p/n junction at their interface, thereby 
creating an electric field 

Optimization the goal is to find the values of controllable factors determining the behaviour of a system 
Photocurrent current that flows through a photosensitive device, such as a photodiode, as the result of 
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exposure to radiant power. 
Reflected 
Radiation 

radiation that results from reflection of the global solar radiation by the surface of the Earth and 
by any surface intercepting that radiation 

Saturation 
current 

a limit to the amount of current that can flow in an electronic circuit or device 

Saw dust kerf 
loss 

by-product of cutting wafers with a saw, composed of fine particles 

Shunt 
resistance 

unwanted short circuit between the front and back surface contacts of a solar cell, usually caused 
by wafer damage 

Siemens 
process 

high-purity silicon rods are exposed to trichlorosilane at 1150 °C. The trichlorosilane gas 
decomposes and deposits additional silicon onto the rods, enlarging them because 2 HSiCl3 → Si 
+ 2 HCl + SiCl4 

Staebler-
Wronski effect 

light-induced metastable changes in the properties of hydrogenated amorphous silicon 

Tedlar 
polyvinyl 
fluoride (PVF) 

polymer material mainly used in flammability-lowering coating of airplane interiors and 
photovoltaic module backsheets 

Wafer sawing Sawing separatinga wafer of semiconductor following the processing of the wafer 
Window layer Bandgap which allows incident light to reach the bottom layer of the solar cell 
Zenith the point in the sky directly overhead 
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Appendices 

 

Temperature fit:

 
Clearness fit: 

 
Humidity fit: 



Fall 2011 Capstone Project/Photovoltaic Viability for Futsal Stadium 74 
 

 
Bypass Diodes 

 
 

Country Example Emission Factors Methodology 
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Panel Example Emission Factors Methodology 

 
DuPont Panel Example Scenario 1 Methodology 
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Sanyo NPV (BMA Values) 
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Sanyo NPV (Debt Financed Values) 
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DuPont NPV (BMA Values) 
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DuPont NPV (Debt Financed Values
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Sharp NPV (BMA Values) 
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Sharp NPV (Debt Financed Values) 
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