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ABSTRACT 

The photovoltaic solar energy from copper indium gallium diselenide (CIGS) solar 

module is one of the most promising sources of solar energy for large scale production of 

clean energy at competitive prices. The focus of the study was to determine the 

performance of CIGS solar module in terms of its pe1formance parameters in the tropical 

region. The goal of this dissertation was hence to characterise the performance of CIGS 

so lar modules in the Ugandan climate. 

The performance of the CIGS module was assessed when put out doors by measuring the 

current-voltage (1-V) characteristic of the device. A variable resistor was connected to the 

CIGS module and was varied from minimum (OQ) to maximum (lOOQ) and the 

corresponding cunent and voltage were measured. The electrical pe1formance parameters 

such as short circuit cunent, open circuit voltage, maximum power, fill factor and 

efficiency were then obtained from 1-V characteristic curves . 

The short circuit cunent obtained was l.03A that is 1.9% lower than the rated value . The 

open circuit voltage obtained was 19.25V that is 35.8% lower than the rated value. The 

maximum cunent obtained was 0.7 lA that is 12.3% lower than the rated value. The 

maximum voltage obtained was 13.4V that is 37.9% lower than the rated value. The 

maximum power obtained was 9.5W that is 36.7% lower than the rated value. There was 

no change in the fill factor. The efficiency obtained was 6.1 % that is 24.7% lower than 

the rated value . The study shows that out of the seven parameters it was only the fill 

factor which had the same value with the rated value. The short circuit cuJTent was close 

to the rated value while other parameters were significantly lower than the rated value 

varying between 12.3% and 37.9%. 

Basing on the findings of this study, it is recommended that a further study should be 

clone over a longer period of time for example a year in both dry and wet seasons to cross 

check the reliability of the findings of this study. The results of this study will be useful to 

compare the performance of this type of module with others in the market to find out if 

they would give similar values. CuJTent-voltage (1-V) characteristics measurements under 

the dark should also be considered to determine the performance of the CIGS solar 

modules. This would determine other elect1ical parameters such as series resistance, shunt 

resistance and diode parameters (ideality factor and reverse saturation cunent). 
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CHAPTER ONE: INTRODUCTION 

1.1 Background of the Study 

The demand for energy has continued to increase as the population continues to grow and 

as the number of industries also continues to grow in the different regions of the world. 

The total energy usage worldwide in 2008 averaged at fifteen terawatts (15TW), where 

I TW=l0 12W according to the Annual world solar Photovoltaic Market report (2009). 

One quarter of this energy was noted to have been consumed in the United States of 

America alone. It is predicted that the energy consumption in 2050 will rise to an 

estimated value of 30TW according to Shinnar and Citro (2006). In 2005 , Uganda's total 

energy consumption was estimated to be 0.03TW (9.0xl06 Tonnes of Oil Equivalent Toe) 

as reported by Mendi information services (2009). 

Lt is estimated that about 90% of the total energy used in the world is from fossil fuels in 

form of coal, oil and natural gas. Fossil fuel reserves primarily used to produce petroleum 

fuels are finite and therefore the supply of oil will eventually be depleted since it is spent 

mi Ilion times faster than it is formed. Fossil fuel is a non renewable energy resource . It 

takes millions of years to form from its vegetation form. The heterogeneous distribution 

of worldwide oi I reserves has been observed to create political and economical problems, 

which may be expected to increase in future as oil reserves run low. Fossil fuels emit 

many gases such as carbondioxide, sulphurdioxide and nitrousoxide that pollute the 

environment. Sulphurdioxide and nitrousoxide are the mam causes of acid rains and 

smog. According to research made by Solar energy International (2009), the large 

emission of carbon dioxide (16 million tons) into the atmosphere is the p1imary cause of 

global warming and the main cause of the recent climate changes. 

According to a research by Urnec (2012) Uganda's energy mix comprises of 6% 

petroleum, 2% electricity and 92% biomass. All fossil fuels cunently used in Uganda are 

imported which makes them very costly. This is so because Uganda has not yet started 

producing any petroleum fuels from the petroleum oil reserves (oil deposits) that have 

been discovered in the western rift valley area (Albertine basin) . 

In most of the developing countries, renewable resources of energy which include water 

power (hydroelectric power), plant materials (biomass), solar energy, geothermal energy 

and wind energy play an important role. Hydroelectric power is widely used as a major 
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source of energy for urban areas and industiies. The amount of energy obtainable from 

hydroelectric power stations is however limited by the volume of the water and the 

conditions of the water flow to run the turbines for the generation of electric energy in 

particular. Hydro electric power is therefore becoming insufficient to meet the needs of 

the growing population . 

According to Ministry of Energy and Mineral Development report (2012), about 95% of 

Uganda's population does not have access to elect1icity and many towns, especially in the 

Northern part of the country are without electrical power. The total hydroelectric power 

capacity of the installed stations in Uganda is 683Megawatts (MW). The hydroelectric 

power stations that generate this power are Bujagali generating 250MW, Nalubale 

generating 180MW, Kiira generating 200MW and the small mini hydros stations 

combined generating 53MW). It is estimated that Uganda will require 2,000MW of 

electricity by the year 2025 to run its industries and homes according to Mendi 

information service (2009) . The electricity distribution network in Uganda at present is 

known to be poorly maintained therefore the country experiences frequent power cuts. 

According to a report from Uganda Bureau of Statistics (2012), electricity transmission 

by the Uganda Electricity Transmission Company Limited (UETCL) from the main hydro 

and thermal plants that supply power to the main grid increased by 2.6% from 2,819GWh 

in 2010 to 289 lGWh in 2011. Umeme, Uganda's largest electricity distributor' s capital 

expenditure which includes putting up a dist1ibution network and maintenance increased 

from shs.5lbillion in 2010 to shs.78 billion in 2011. This makes electric energy very 

costly. Uganda charges one of the highest electricity tariffs in East Africa as per research 

clone by Africa Uganda Business Travel Guide (2012) whereby domestic consumers pay 

sh524 per unit, Street lighting costs sh488.7 per unit, commercial users pay sh458.6 per 

unit, medium industrial consumers pay sh458.9 per unit and large industries pay sh312.8 

per unit. In Kenya, consumers pay an equivalent of Uganda sh38 for the first 50 units . 

Subsequent units cost between sh166 and sh345 each . Consumers in Tanzania pay only 

sh52 per unit, while in Rwanda consumers are charged sh389 per unit according to all 

Africa.com website (2012). The unit cost of electricity in Uganda has thus gone beyond 

what the majority of Ugandans can afford. Most households only use electricity for 

lighting and operating their televisions and radios. 
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Due to the high cost of electricity in Uganda, many households have resorted to the use of 

biomass in form of firewood or charcoal as a source of energy to provide them with the 

basic energy requirements especially for domestic use. According to Kiza (2006) and 

Ministry of energy and Mineral development (2007), biomass demand in Uganda is about 

27.7 million tons whereby 92% of Uganda's population use biomass for their energy . 

needs. They however use insufficient technology whereby 72.7% of the households use 

the three-stone method for cooking; about 14.8% use open charcoal stoves and only 8.7% 

use improved stoves. The pressure on wood as a source of energy clue to population 

growth and migration is exerting a negative impact on the environment. There is therefore 

need for alternative and clean sources of energy such as solar energy. 

Solar energy is an environmentally clean source of energy. It 1s free, abundant, 

inexhaustible and available in adequate quantities in almost all parts of the world. It is of 

great importance especially in the tropical Afiican countries where the sun is overhead 

throughout the year. The energy of sunlight incident on the Earth is 125,000TW 

according to Zwiebel (2005) and Lewis (2003). This amount of solar energy is about 

l0,000 times more than the present world energy requirement and much more than the 

energy produced from all other energy sources in the world. Thus solar energy could . 

supply all the present and future energy needs of the world on a continuous basis for a 

period of at least 20 years . 

The availability of solar energy is dictated by availability of solar technology. Solar cell 

technology is at present growing rapidly. This is the technology where the energy from 

the sun can be converted into electrical energy by use of solar cells based on photovoltaic 

(PY) effect. The photovoltaic cells are unique because they directly convert the incident 

solar radiation into direct cuJTent (DC) electricity. The photovoltaic cells produce no 

noise, no pollution, require no moving parts, and do not need conventional fuels to run 

them. This makes them reliable and long lasting. The first type of PV solar cells 

developed were silicon solar cell in the 1950's at the Bell telephone and Radio 

Corporation of America (RCA) laboratories. These cells according to Twidell and Weir 

(2006) were 16% efficient in converting solar energy into electrical energy. The first 

photovoltaic devices developed were for space applications. Solar cells are still today the 

main source of power forming space statelites. Photovoltaic use was extended to 

terrestrial applications about three decades ago and it has continued to grow rapidly. 
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The growth is inspired by many advantages of solar cells. The primary advantage being 

its low impact on the environment. Another very important advantage is the more or less 

homogeneous distribution of solar energy on the Earth, making it accessible to everyone 

anywhere. 

Solar energy as a mode of power generation is said to be a cost effective source of off 

grid energy as opposed to the conventional generated power where huge capital 

investments have to be made in putting up transmission and distribution networks. The 

portability of the solar cells makes them commercially attractive especially for the remote 

areas. Extending the electricity grids to remote scattered rural areas which usually have 

lower energy demands compared to the developed urban areas is considered financially 

unattractive by the electricity providing companies. Basic electricity needs for 

agricultural enterprises, education and industries for heating and lighting are usually 

satisfied by use of electrical sources such as rechargeable batteries and small fossil fuel 

generators. These sources are, however, often very expensive and unreliable. Providing 

solar powered electricity to remote areas may be one of the very few ecologically and 

commercially suitable solutions for rural areas . The monthly payments for electricity to 

electricity generation and distribution companies would be eliminated and instead a one 

investment in a solar system instaHation that can last for years before being serviced or 

replaced to generate electricity needed and is affordable. Most households for example 

need on average electricity for running about four lights, a television set, a radio and an 

iron which can be estimated to cost about Shs.50,000 monthly for electricity in Uganda. 

Uganda lies across the Equator in the heart of the sub-Saharan Africa. Uganda is endowed 

with plenty of sunshine throughout the year making it favorable for solar technology 

applications . Uganda receives 2500-3200 hours of sunshine per year and a solar radiation 

of about 4-5kWh/m2/day on a horizontal surface according to Urnec (2012) and Mendi 

international service (2009) . The average solar flux in some parts of the country based on 

12 hours can be as high as 300W/m2 or more. 

The government of Uganda abolished import duty on solar equipments in order to make 

Lhem affordable. There are also fundings from agencies like the World Bank. Solar 

module price in Uganda has on average fallen from $10 per wattpeak (WP) to about $2 

per WP. It is estimated that about 600kilowattpeak (KWP)-lmegawattpeak (MWP) of 

solar capacity is imported into Uganda on a monthly average. In Uganda a smallest solar 
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kit consisting of a one watt panel, lantern and battery can be obtained at shs.39,000. A 

four lamp solar kit costs shs.341,000, a village kit consisting of four light emitting diode 

(LED) tubes, two matrics lamps and a security light costs shs.89,000 while a school kit 

consisting of three LED tubes and a secmity light costs shs.2million . 

Not more than 5% of Ugandan households who are not connected to the national grid 

have access to solar power despite its clear advantages over the conventional energy 

sources. This is because PV cells are about three times higher in cost compared to other 

sources of energy like hydroelectric energy. In order to lower the PV price and increase 

their usage, the quantity of materials and the energy used to manufacture solar cells need 

to be minimized. 

Solar cells may be in the form of crystalline silicon (Monocrystalline, c-Si or 

rnulticrystalline me-Si) . They can also be in form of Polycrystalline (thin film) solar cells. 

Majority of the solar cells are made of crystalline silicon because silicon is available in 

large quantities, very stable and produces devices with an ·efficiency of 24.7% according 

ro Green et al. (2007). However silicon is fragile, and is an indirect semiconductor 

material with a low band gap of l.leV at room temperature making it possess a low 

optica l absorption coefficient. Silicon therefore requires manufacture of relatively thick 

cel ls in order to absorb most of the incident photons . A typical silicon cell thickness is 

approximately 300µm which is · 100 times more than the thickness of a typical 

polycrystalline thin film cell. This makes crystalline silicon cells require an expensive 

production process which makes them very expensive therefore their technology is not 

expected to become a low cost alternative energy resource. 

Thin film solar cell technology is one of the most promising ways to achieve economical 

competitiveness of photovoltaic and is a better alternative to silicon solar cell technology. 

According to research made by sustainable energy (2006), the market for thin film PY 

ce ll s grew at a 60% annual rate from 2002 to 2007 and is still growing rapidly. Thin film 

so lar ce ll technologies have substantial cost advantages over traditional silicon 

photovoltaic cells because of the reduced amount of semiconductor material necessary for . 

the construction of the device. They usually utilize a semi conductor material of 

approximately lOµm or less in thickness . The p1imary commercial technologies for thin 

film devices are based on amorphous silicon (a-Si), cadmium telluride (CdTe) and copper 

indium gallium diselenide (CIGS) semi conductors . Copper indium gallium diselenide 
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solar cells have emerged as one of the most promising thin film solar cells among al I 

other thin film solar cells in terms of cost effectiveness. The first CIGS module was 

released in 1998 by Siemens Solar Industries according to Wieting (1999). The main 

advantage of CIGS thin film solar cells over the crystalline silicon solar cells is that they 

are substantially cheaper due to Jess material and thermal energy usage during the 

fabrication process which lowers their production cost. The copper indium gallium 

diselenide is known to be a very strong light absorption material since it is a direct band 

gap material compared to crystalline silicon which is an indirect band gap mate1ial. Only 

l-2µm of CIGS is enough to absorb most of the sunlight incident on it yet a much greater 

thickness of crystalline silicon is required for the same absorption. 

1.2 Statement of the Problem of the Study 

The copper indium gallium diselenide (CIGS) photovoltaic solar cells among other solar 

cells produce clean energy which is environmentally friendl.y with competitive prices and 

are easy to manufacture. The CIGS would hence be preferred but there is no available 

data so far on the performance of CIGS done in Uganda. Consumers therefore only rely 

on the power ratings of the modules provided by the manufacturers. 

l.3 Purpose of the Study 

The purpose of the study is to detetmine the characteristics that can be used to evaluate 

the performance of CIGS solar module in the Ugandan climate. 

l.4 Objectives of the Study 

The study is guided by the following objectives: 

1. To determine the electrical performance parameters of CIGS solar module. 

11 . To investigate the effect of temperature on the performance parameters of CIGS 

solar module. 

111. To investigate the effect of irradiance on the performance parameters of CIGS 

solar module. 

IV . To determine the effect of shading on the performance parameters of CIGS solar 

module. 

v. To determine the effect of dusting on the performance parameters of CIGS solar 

module. 
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1.5 Scope of the Study 

The study was limited to the five objectives above. The study was focused on CIGS solar 

module which was available on market in the country. The module ' s cells were 

manufactured in the United States of America and then assembled in India. It had an area 

of 62cmx30cm and a power rating of 15W. Measurements were taken at Kyambogo 

University for two weeks. 

1.6 Significance of the Study 

The study was to generate the I-V characteristic curve for CIGS when used in the 

Ugandan climate. The I-V characteristic measurements generated in this study for the 

CIGS module can be used as a basis for quality control of CIGS modules in Uganda as 

against the rated values. The values of the parameters obtained in this study can give 

feedback to the manufacturers of solar modules about the outdoor performance of CIGS 

modules in the equatorial climate which would widen on their knowledge about the CIGS 

performance in the region. In Uganda this study has provided available data and 

information on CIGS modules which researchers and even policy makers in government, 

engineers, designers, scientists, and the general public at large who are potential users 

(such as vendors and consumers) can use. The results provide baseline data for research 

to improve the pe1formance of solar modules. 
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CHAPTER TWO: REVIEW OF RELATED LITERATURE 

2.1 Introduction 

This chapter has discussed the theory and covered the literature related to the copper 

indium gallium diselenide (CIGS) solar modules. It has considered the composition of 

CJGS eel Is and their structure, the electrical characteristics of the CIGS modules, the 

effect of temperature , iirndiance, shading and dusting on the perf01mance of the CIGS 

solar module. 

2.2 Composition of copper indium gallium diselinide Cells 

Copper indium gallium diselenide (CIGS) is a group I-III-VI compound semiconductor 

material composed of copper, indium, gallium, and selenium. The material is a solid 

so lution composed of copper indium selenide (CIS) and copper gallium selenide (CGS), 

with a chemical formula of CulnxGa(l-x)Se2 , where the value of x can vary from l (pure 

copper indium selenide) to 0 (pure copper gallium selenide). It is a tetrahedrally bonded 

semiconductor, with a chalcopyrite crystal structure. The band gap varies continuously 

with x from about 1.0eV (for copper indium selenide) to about l.7eV (for copper gallium 

se lenide). It is used as light absorber material for thin film solar cells . 

Copper indium gallium diselenide is a well known polycrystalline thin film photovoltaic 

absorber material that is being intensively pursued for commercialization . The best 

efficiency of CIGS cells achieved as of December 2005 was 19.5% as reported by 

Contreras et al. (2005). According to NREL (2008) and Repins et al. (2008) a team at the 

National Renewable Energy Laboratory achieved 19.9% new world record efficiency by 

modifying the CIGS surface and making it look like CIS. The 19.9% efficiency was 

higher compared to those achieved by other thin film technologies such as Cadmium 

Telluride or amorphous silicon. Cadmium Tellmide has a maximum efficiency of 16.5% 

while amorphous silicon has reached an efficiency of 13.l % according to Green et al. 

(2003) . Another advantage of CIGS compared to CdTe is that smaller amount of toxic 

material cadmium are present in CIGS cells. A CIGS solar cell with an efficiency of 

20. L % with 0.5cm2 total area was fabricated by the Zentrum fUr Sonnenenergie und 

Wasserstoff Forschung (ZSW) cenre for solar Energy and Hydrogen Research Germany 

(2010) , which is the highest efficiency in the record to date for any thin film solar cell. 

Hi gher efficiencies (of around 30%) can be obtained by using optical system reflectors to 
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concentrate the incident light. With record CIGS efficiency wandering at just about 20% 

for several years according to Carlson (2010), new trend of CIGS research has shifted to 

investigation on low cost deposition methods that could be alternatives to expensive 

vacuum processes . Non-vacuum solution processes progressed quickly and efficiencies of 

l 0%-15% have been achieved by many groups, such as International Solar Electric 

Technology (ISET) and International Business Machines Corporation (IBM) . 

2.3 Structure of copper indium gallium diselinide Cells 

The structure of the Cu(In,Ga)Se2 cell device consists of five thin layers of semi 

conductor materials which have successively been deposited on a glass substrate. The 

Cu(Tn,Ga)Se2 layer is moderately doped to fo1m the p-type semi conductor. The cadmium 

sulfide (CdS) and the zinc oxide (ZnO) layers are doped to form the n-type semi 

conductor. The two hence form the p-n junction. The Cu(In,Ga)Se2 and CdS films are 

eloped by intrinsic defects in the material while the top ZnO layer is doped with 

incorporation of aluminium (Al) . Between the CdS and doped ZnO layers is an undoped 

layer of ZnO. The separated caniers from the electron-hole pairs are collected at the 

e lectric contacts in each end of the cell; ZnO:AI in the front and molybdenum (Mo) in the 

back. The structure is as illustrated in Figure 2.1. The light incident onto the cell strikes 

the ZnO layer, passes through the CdS buffer layer and then enters the Cu(In,Ga)Se2 

absorber layer. 
Light 

• • , . 
ZnO: Al (200-400nm) 

Window 
ZnO (-lOOnm) 

CdS (-50nm) 

Absorb er 
Cu(In,Ga)Se2 (l-3~1m) 

Back cont act 
Mo (250-SOOnm) 

Substra te Soda lime glass (-2mm) 

Figure 2.1: Structure of a CIGS Thin Film Solar Cell 
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The zinc oxide layer or transparent conductive oxide (TCO) layer forms the "window 

layer". For most of the photons incident on the cell to be absorbed, it is very important for 

Lhe TCO to have a large band gap of about 3.3eV according to Hedstrom et al. (1993). 

This makes the CIGS to be transparent for most of the solar spectrum. Usually an anti 

reflective coating is deposited on the top of the cell to minimize reflection losses. 

The cadmium sulfide deposit forms the buffer layer. This layer provides good junction 

formation , lowers interface recombination, and decreases leakage cunent thus improving 

on the efficiency of the CIGS solar cell. Cells containing CdS have been found to be the 

most efficient cells for a long time, although the CdS layer introduces cunent loss at wave 

lengths below 520nm conesponding to photon energies above that of the CdS band gap. 

There have been many attempts to substitute CdS with alternative buffer layers such as 

(CclZn)S, Zn(OS), Zn(OH,S) , ZnO', ZnS, ZnSe, In2S3, ln(OH)3, ln(OH,S)3, Sn02 etc . as 

c ited by Kessler et al.(1993) and Lincot et al. (1998). However until recently all the 

devices with alternative buffer layers performed inferior to the ones with CdS therefore 

the best performance is achieved using CdS buffer material, although ZnS(O,OH) gave 

c lose results to CdS when deposited on the same substrate. Recently, a cell with CdZnS 

buffer was produced having the same efficiency as the record CdS/CIGS cell and with a 

potential to surpass it. 

The absorber layer is the most important layer in the PV solar cell. Copper indium 

diselenide (CulnSe2) (CIS) is a direct band gap semi conductor material and has a large 

absorption coefficient (a-105cm- 1
) (Uda et al., 1982) that allows 99% of the incident sun 

li ght to be absorbed in the first micron of the material close to the p-n junction. This 

makes it an optimal, effective photovoltaic material. Therefore, the cells based on CIS 

can be made thin and at a low cost. To produce efficient devices , it is important to match 

the band gap of the absorber layer to the solar spectrum. The optical band gap for a 

single-junction solar cell with respect to the solar spectrum is around l.4eV as cited by 

Ucla et al. (1982). Pure CulnSe2 has a band gap of l.04e V according to Siemer et al. 

(200 l) and because of that, the best CIS cells have achieved efficiencies of 15% (Moler, 

1993). The band gap can be increased by partial substitution of indium with gallium thus 

obtaining CulnGaSe2, which improves on the open-circuit voltage and the efficiency of 

the photovoltaic cell according to Carlson (2010). Gallium is also added to replace as 

much indium as possible because gallium is relatively more available compared to 
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indium. According to Hanna et al. (2001), an indium to gallium ratio of 20%-40% will 

result in a band gap of between l.l-l.2eV which has been shown to give the best results. 

A device that was produced with a 30% indium substitution with gallium had a band gap 

of l.15e V and an efficiency of 19.5% as reported by Contreras et al. (2005). The band 

gap of pure CuGaSe2 (COS) is l.68eV (Hedstro m and Ohlsen, 1993). The band gap can 

al so be increased by partial substitution of Se2 for S2, Cu(In,Ga)(Sc,Sh as cited by 

Shafarman et al. (1996) . The direct band gap and high absorption coefficient of CIGS 

reduces on the requirement on minority caJTier life time and facilitates use of thinner 

absorber layers since the photo-excited caJTiers are generated close to the depletion 

regions according to McCandless and Hegedus (1991). This makes CIGS become a 

suitable compound for thin film solar cells. 

The back contact material of a solar cell collects the earners from the absorber and 

delivers them to the external load. In standard thickness cells , the requirements for back 

contact material are to have low resistivity, not to impede the flow of majority carriers, 

holes , and in CIGS cells, to allow diffusion of sodium (Na) from the substrate to the semi 

conductor according to Engelmann et al. (2001). So far, the best cells have been produced 

vvith molybdenum as a back contact. The back contact material becomes more important 

and more interesting as the cells become thinner, because the carrier generation profile 

shifts closer to it. 

The soda-lime glass is coated on one side with molybdenum (Mo) that serves as metal 

back contact. Soda-lime glass of 1-3 mm thickness is the most common substrate that is 

used because it is available, cheap and has a good thennal expansion coefficient which 

matches well with CIGS hence improving on the device ' s performance. In addition 

sodium from such a substrate diffuses through Mo film into CIGS which improves the 

crystalline quality of the layer (Granath, 1999). It replaces substitution defect where a 

copper (Cu) atom is replaced with In (In,Cu) that acts as compensating donors . It also 

catalyzes the dissociation of molecular oxygen. Oxygen atoms passivate selenium 

vacancies Vse on the grain boundmies, which would otherwise act as recombination 

centers . CIGS devices have also successfully been deposited on flexible substrates such 

as plastic or metal foils. Although devices with these substrates do not obtain the same 

efficiencies as the glass substrate ones, they extend the application possibilities. 
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Several studies indicate that CIGS-based modules are stable over many years in field 

operation and they are not easily affected by light induced degradation. They tend to 

exhibit a slight increase in open circuit voltage and efficiency during the first hours of 

operation . Copper indium gallium diselenide have shown promising results in outdoor 

long-term performance tests according to Ulla! et al. (1991), but they are also more 

sensitive than crystalline silicon solar cells to hot and humid environments (Karg et al., 

1998). By concentrating the light falling onto a solar cell , the device will deliver a higher 

power output per illuminated absorber area, which can lower the electricity production 

costs . For CIGS-based solar cells, low-concentrated illumination could be an 

economically viable approach . The yearly pe1f01mance of a photovoltaic system with 

CJGS modules can be significantly improved at a moderate cost by using parabolic 

aluminium miJTors as concentrating elements according to Wennerberg (2002) . 

2.4 Electrical Characteristics of CIGS 

Characterization of solar cell devices is necessary to determine the sources of losses and 

suggest ways to minimize them. The cunent-voltage (1-V) characteristic is the most 

common way to describe the electrical performance of a solar cell. In the absence of light 

which generates current, PV cells behave like a diode. The cunent-voltage curve of an 

ideal solar cell in the dark follows the characte1istics of the p-n exponential diode law . 

I D = l{e';:; -1) .. .. ........ . . . ... ..... . .. .. . .. . . .. . . ... (2.1) 

Where Io is the diode or dark current, Io is the dark saturation current, n is diode identity 

factor, T is temperature, q is electiic charge and k is Boltzmann constant. The diode 

identity factor depends on the characteristics of the material used like doping and its value 

is usually between 1 and 2 according to Sze (1981). Figure 2.2 describes the diode law 

given by equation (2.1). 

When the PV cell is illuminated with light, cmTent is generated by the cell and the diode 

or dark curve is shifted upward by an amount of cuJTent known as the light-generated 

current h where power can be extracted from the diode. 
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I 

Figure 2.2: I-V Characteristic Curve in the Dark and under Light conditions 

In an ideal photovoltaic cell, the total forward cuITent I is equal to the cuITent h generated 

by the photoelectric effect minus the diode cmTent 10 , according to the equation (2.2): 

- _ - _ . ? nkT _ ? ? 
( 

.!!!.__ J I - IL ID - IL I 0 e 1 . .. ........ .. ... .. .... .... ... .. (-.-) 

For a real solar cell , the total cmTent in an external circuit is influenced by other factors , 

including series resistance Rs and shunt resistance Rsf-1. Expanding equation (2.2) the total 

cunent I is given by equation (2.3). Figure 2 .3 shows an equivalent circuit of a PV cell 

described by equation (2.3). 

I 
( 

q(V + /R s) 

IL - Io e nkT -lJ-V+IR 5 

RS/-/ ......... .... . .... . .... (2 .3) 

Current I 
~ 
Rs + 

Voltage V 

Figure 2.3: Equivalent Circuit of a PV Cell 
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There are several important parameters which are used to characterize the pe1formance of 

solar modules. These include short circuit current (I5c), open circuit voltage (V 0e), 

maximum power, fill factor (FF) and efficiency (1J) parameters. All these are determined 

from the I-V characterization curve under illumination as discussed below. 

2.4.1 Short Circuit Current 

The short circuit cuJTent Isc corresponds to the condition when the impedance tends to 

zero and is calculated when the potential difference across the circuit is zero. Short circuit 

current occurs at the beginning of the forward bias sweep and is the maximum cuJTent 

value in the power quadrant which may be drawn from the solar cell. It is due to the 

generation and collection of light generated charge carriers. For an ideal cell, this 

maximum current value is the total cmTent produced in the solar cell by photon 

excitation. Isc = Imax =IL for forward bias power quadrant. 

2.4.2 Open Circuit Voltage 

The open circuit voltage, V0c, is the maximum voltage which occurs when there is no 

current passing through the cell, i.e. V (at I=O) = Voe · This voltage corresponds to the 

amount of forward bias on the solar cell due to the bias of the solar cell junction with the 

light generated current. V 0c= Yrnax for forward bias power quadrant. An equation for V 0c 

is found by setting the net cunent equal to zero in the solar cell equation to give: 

v'" ~ n:T 111( ~: + l J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (2.4) 

Open circuit voltage depends on the saturation current of the solar cell and the light 

generated cuJTent. While short circuit cuJTent typically has a small variation, the key 

effect is the saturation cuJTent, since this may vary by orders of magnitude. The 

saturation current, Io depends on recombination in the solar cell. Open circuit voltage is 

then a measure of the amount of recombination in the device. 

2.2.3 Maximum Power 

The power produced by the cell can be easily calculated along the I-V sweep by the 

product of cuJTent and voltage (P=IV). At the ls,· and V0 (' points, the power will be zero 
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and the maximum value for power will occur between the two points. The voltage and 

current at this maximum power point are denoted as V111ax and I111ax respectively. 

---------7: 
Pmax : 

I 
I 
I 

.I 

Ymax Yoe 

(a) 

Figure 2.4: Maximum Power for an I-V Sweep 

2.4.4 Fill Factor (FF) 

The fill factor (FF) is essentially a measure of quality of the solar cell. It is calculated by 

comparing the maximum power to the theoretical power (PT) that would be output at both 

the open circuit voltage and short circuit cunent together. Fill factor can also be 

interpreted graphically as the ratio- of the areas of rectangle OVmaxPmaxlmax to rectangle 

OV 0 cPTisc depicted in Figure 2.4 (a) according to Messenger and Ventre (2000) and is 

given by equation (2.5) . 

FF vmax /max 

.... . ........ . . . ... . .... . .. .. .. . ... . ...... . .... (2.5) 

A higher voltage will have a higher possible FF. However, large variations in open circuit 

voltage within a given material system are relatively uncommon. A larger fill factor is 

desirable, and coJTesponds to an I-V sweep that is more square-like. Typical fill factors 

range from 0.5 to 0.82. Fill factor is often expressed as a percentage. 

2.4.5 Efficiency (11) 

Efficiency is the most commonly used parameter to compare the performance of one 

solar cell to another. Efficiency is defined as the ratio of energy output from the solar 
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cell to input energy from the sun . In addition to reflecting the performance of the solar 

cell itself, the efficiency depends on the spectrum and intensity of the incident sunlight 

and the temperature of the solar cell. Therefore, conditions under which efficiency is 

measured must be carefully controlled in order to use them to compare the performance 

of one device to another. The efficiency of a solar cell is determined as the fraction of 

incident power which is converted to electricity. 

Efficiency is the ratio of the maximum electrical power output, P0111 , to the solar power 

input, Pi11 into the PY cell. 

P P V 1 . .FF 17 = __!.!!!!_ => n = max = oc .1c 
p '/max p p 

Ill Ill fJI ..... .. ... . ..... . ..... . ... . ... . . . . . . (2.6) 

Where Pin is the total radiation incident on the solar cell. 

Pi 11 is taken as the product of the i1rndiance of the incident light, measured in W/m2 with 

lhe surface area of the solar cell in m2
. Efficiency of a solar cell depends on the 

maximum output power of the solar cell. Photovoltaic modules are rated by their P 111ax 

measured under standard test conditions (STC), which means an illumination of 

LOOOW/m2
, 25 °c cell temperature at the test, and a spectrum equivalent to Air mass 1.5. 

2.4.6 Resistances of the Solar Cell 

During operation, the efficiency of solar cells is reduced by the dissipation of power 

across internal resistances. These parasitic resistances can be modeled as a parallel shunt 

resistance (RsH) and series resistance (Rs), as shown in Figure 2.3. For an ideal cell, RsH 

would be infinite and would not provide an alternative path for cunent to flow, while Rs 

would be zero, resulting in no further voltage drop before the load. Decreasing RsH and 

increasing Rs will decrease the fill factor (FF) and Pmax as cited by Wenham et al. (1995) . 

Shunt resistance affects the 1-Y curve at higher cunent levels, and series resistance affects 

the f-V curve at higher voltage levels. IfRsH is decreased too much, Yoe will drop, while 

increasing Rs excessively can cause lsc to drop instead. 

According to Schroder (1998), it is possible to approximate the senes and shunt 

resistances, Rs and RsH, as the slopes of the 1-Y curve at Yoe and l 5c, respectively. 
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Rs =-c~~ atl=O ........ ..... ... .. ..... . ..... . .. . .. .. ...... . . . ....... (2.7) 

and 

dV 
Rs1-1 = -- at V = 0 ..... .... .......... ... . .......... .. . .... . .. . ... ... .. . (2.8) 

dl 

The resistance at Y 0e, however, is at best proportional to the series resistance but it is 

larger than the series resistance. Shunt resistance is represented by the slope at Isc · 

Typically, the resistances at Isc and at Voe will be measured and noted. 

Two 1-V characteristics of a solar cell measured at two . different iindiance levels and 

constant temperature can be used to determine Rs. According to van Dyk et al. (2004), the 

s lope of a line drawn through points coITesponding to a fixed cuITent below the respective 

1.,c on each curve gives: 

LiV 
Rs= - .. .... .... .......... ............... .......... ....... ........ .... ........ ............... ... ..... (2.9) 

Lil 

A high series resistance increases voltage drop and hence the fill factor of a solar cell is 

reduced. Solar cells having a low shunt resistance cause a reduction in module efficiency 

according to Meyer (1999). At lower iindiance levels (Schroder, 1998) 

............... ....... ............... ... .. .. .. ......... .......... ............... ....... (2.10) 

-
1
- is the slope of Isc versus Voe yielding RsH· 

R .111 

Tf incident light is prevented from exciting the solar cell, a dark I-V curve is obtained. It 

follows that Rs 11 can be derived from the I-V plot obtained with or without providing light 

exc itation , even when power is sourced to the cell. It is important to note, however, that 

for real cells , these resistances are often a function of the light level, and can differ in 

value between the light and dark tests . 

2.5 Effect of Temperature on Solar Cells 

An increase in temperature reduces the band gap of a semiconductor, which affects 

most of the semiconductor material parameters. The decrease in the band gap of a 
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semiconductor with increasing temperature can be viewed as increasing the energy of 

the electrons in the material. Lower energy is therefore needed to break the bond. In the 

bond model of a semiconductor band gap, reduction in the bond energy a]so reduces 

the band gap. In a solar ce11, the parameter most affected by an increase in temperature 

is the open circuit voltage. The open-circuit voltage decreases with increase m 

temperature because of the temperature dependence of the saturation current, I0 . 

Many of the electrical parameters have some temperature dependence, with higher 

voltage solar cells being less affected by temperature. The short circuit cuJTent 

parameters have some temperature dependence, but the most significant effect is due to 

the intrinsic carrier concentration, ni. The intrinsic caITier concentration depends on the 

band gap energy (with lower band ~aps giving a higher int1insic carrier concentration), 

and on the energy which the caniers have (with higher tempei"atures giving higher 

intrinsic carrier concentrations). The temperature sensitivity of a solar cell depends on 

the open circuit voltage of the solar cell. Short circuit cuITent, Isc, increases slightly 

vvith temperature, since the band gap energy, EG, decreases and more photons have 

enough energy to create electron-hole (e-h) pairs. However, this is a small effect. 

2.5.1 Temperature Measurement Considerations 

The crystals used to make PV cells, like all semiconductors, are sensitive to temperature. 

Figure 2.5 depicts the effect of temperature T on an I-V curve. When a PV cell is 

exposed to higher temperatures, fir· increases slightly, while V0 c decreases more 

significantly. 

I 

+0.05%/0 c 

v 

-0.5%/°C 

Figure 2.5: Effect of Temperature on I-V Curve 
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Therefore to get the maximum CutTent output, modules should be mounted so that air can 

c irculate around them freely to keep the cell cool. For a specified set of ambient 

conditions, higher temperatures result in a decrease in the maximum power output Pma.r· 

Since the I-V curve will vary according to temperature, it is beneficial to record the 

conditions under which the I-V sweep was conducted. Temperature can be measured 

using sensors such as Resistance Temperature Detectors (RTDs), thermistors or 

thermocouples. I-V curves are usually shown for cell at the temperature of 25°C. 

2.6 Effect of Irradiance on Solar Cells 

Spectral irradiance F is the most common way of characterizing a light source. It is the 

rate at which energy at a given wave length reaches a unit area at the earth ' s smface. The 

summation of solar i1i-adiance over a given time (such as day, week , month or year) is 

called solar radiation or i1i-adiance. Irradiance is the amount of sunshine reaching the solar 

eel Is at any moment. The i1i-adiance reaching the ground varies throughout the day with 

the movement of the sun and the clouds. lITadiance is measured in watts per square meter 

(W/m2
) . In a very clear weather at midday (12.pm) , the i1i-adiance reaching a surface that 

races the sun is about 1000W/m2 which is at 90° to the direction of the sun ' s rays. This 

irracliance is called full sun, one sun or AMI intensity . The spectral iITadiance and the 

photon flux are relevant when analyzing solar cells. The photon flux determines the 

number of electrons which are generated, and hence the cmTent produced from a solar 

ee l I. 

The current produced by the module whose position is fixed varies through the day ; even 

when the weather is clear with no clouds . The current-voltage (I-V) curve at i1i-adiance 

IOOOW/ni2 is for a module that faces the sun directly (at 90°to the direction of the sun 's 

rays). When the sun is exactly over head in tropical countries and low in the sky at an 

an gle of 30° above the horizon, the module should be tilted towards the sun at an angle of 

60° from horizontal for maximum cmTent. However modules are usually fixed in one 

position . Thus they face the sun directly only for a few times in a day. So, when the sun is 

low in the sky at 30° above the horizon and if the module is fixed horizontally, the 

irradian~e is about half the value of 1000W/m2
. When the sun is covered by thick clouds , 

the irradiance could be reduced to 100W/m2 or less and the cuJTent will be very low . 
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When the i1i-adiance level increases, the number of generated electron-hole pairs 

separating and inducing the photogenerated cmTent, increases . Figure 2.6 shows two I-V 

curves obtained at different irradiance levels, 614W/m2 and 1000W/m2
. It can be seen that, 

!,, . is higher at higher i1i-adiance levels since the photogenerated current, h depends on the 

irracliance level. Voltage also depends on the i1i-adiance level, and the relationship 

between / 11. and i1i-adiance, and V01• and i1i-adiance is given by Lorenzo (1994): 

I""= xlsr:.i-.rnn ........ ............... ..................................... ... ...... ........ (2.11) 

and 

V
0

,. = V,w.i-""' + &nx ... .. .............. ......... ................ ..... ... ...... .. ..... (2.12) 

Where 1-sun represents an irradiance of 1000 W/m2 of inadiance, x is the level of 

irracliance, and b is a dimensionless coefficient that is solar cell technology specific . 
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Figure 2.6: I-V Curves obtained at Irradiance levels, 614W/m 2 and 

1000W/m2 

2.7 Effect of Shading on Solar Cells 

When deciding to install a solar photovoltaic system, the positioning of the solar panels is 

vital. The solar modules should be orientated such that they face the sun at the time of 

day when the sun is highest in the sky, but it is also very important to put into 

consideration the effect of shading on the module. If even a small section of a 

photovoltaic module is shaded for example by the branch of a tree there will be a very 

significant drop in power output from the module. This is because a PY module is made 
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up of a string of individual solar cells connected in series with one another. The cLment 

output from the whole module is limited to that passing through the weakest link cell. If 

one cell (out of for example 36 in the module) is completely shaded, the power output 

from the module will fall to zero. If one cell is 50% shaded, then the power output from 

the whole module will fall by 50% which is a very significant drop for such a small area 

of shading. The shaded cells can also over heat and burn out. 

Performance of a series connected st1ing of solar cells is affected if all its cells are not 

equally illuminated (partially shaded). In a solar ainy spread over wide area, it is likely 

that shadow may fall over some of its cells due to tree leaves falling over it, birds or bird 

litters on the ainy, shade of a neighbouring construction etc. In a series connected string 

of cells , all the cells cany the same cunent. Even though a few cells under shade produce 

less photon current but these cells are also forced to carry the same cunent as the other 

fully illuminated cells. The shaded cells may get reverse biased, acting as loads, draining 

power from fully illuminated cells. If the system is not appropriately protected, hot-spot 
' 

problem according to Quaschning and Hanitsch (1996) can arise and in several cases, the 

system can be ineversibly damaged. In recent years, the impact of partial shading on the 

PY array pe1formance has been widely discussed by Herrmann et al. (1997); Kaushika 

and Gautam (2003) ; Klenk et al. (2002); Woyte et al. (2003) 

2.8 Effect of Dusting on Solar Cells 

Accumulation of dust from the outdoor environment on the panels of solar photovoltaic 

(PY) system is natural. Several studies which were performed showed that the 

accumulation of dust on the solar panels can reduce on their performance in terms of 

efficiencyas cited by Moon (2009) and Karz (2008) . It was found from the study that the 

accumulated dust on the smface of photovoltaic solar panel can reduce the system's 

e fficiency by up to 50%. Theoretically, dirt accumulates on top of the flat panels, whereas 

rain washes away most dirt on the tilted ones and leaves some accumulation in the 

corners. 
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CHAPTER THREE: RESEARCH METHODOLOGY 

3.1 Introduction 

In this chapter, 1-V characteristic measurements used to determine electrical pe1formance 

parameters of the CIGS modules were discussed. 

3.2 Research Design 

The study was experimentally carried out. A variable load resistor was connected to the 

ClGS module and was varied in progressive steps from minimum (OQ) to maximum 

(100.0.). The coITesponding cmTent and voltage were measured. The current-voltage (I­

V) curves were then plotted and were used to obtain the main electrical parameters. The 

e lectrical parameters were short circuit cmTent l 5c, open circuit voltage V 0c , maximum 

power Pmax, fi II factor FF and efficiency of the module. The value of lsc and V oc were 

obtained by extrapolating the I-V curve. The influence of temperature, iITadiance, shading 

and dusting on the performance of the CIGS solar module were also determined. The 

design was limited to only one CIGS module. The module had a power rating of 15W 

3.3 Experimental Measurements 

For easy measurement of variables , a Data Acquisition system (DAQ) card was used in 

the system . The DAQ was connected to the computer in which a Labview programme 

was installed to record the I-V data, electrical performance parameters and i1i-adiance. 

OLher parameters which were measured and fed into the computer included module 

temperature, ambient temperature, module length and area . The time at which the 

measurements were performed and the module type were also fed into the computer. All 

these measurements were recorded using the Labview programme which was installed in 

the computer as shown in Appendix A. 
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3.3.1 Current-Voltage Measurements 

A variable resistor was used as load to characterize the CIGS solar module. The circuit is 

as shown in Figure 3.1. 

CIGS 

module 
v 

A 

Rheostat 

Figure 3.1: Circuit diagram for I-V Curve Measurements of CIGS Module 

A Labview programme was used to trace the I-V characteristics of the CIGS solar 

module. A variable load resistor (rheostat) was used to determine the I-V data of the 

CIGS solar module. The rheostat was connected to the CIGS module output when 

exposed to solar irradiance (when placed outdoors) while the module was placed at a 

zenith angle of o0
. The I-V tracing programme was run and immediately the rheostat was 

varied uniformly from minimum (OQ) to maximum (lOOQ) by sliding its contact slowly. 

When the programme was stopped the data for the I-V and the electrical parameters were 

saved in the computer. When the sliding contact of the rheostat is at minimum position, 

the resistance value is approximately zero and the cunent value is maximum and equals 

the short circuit cunent Isc and the voltage is zero. When the sliding contact reaches the 

maximum position, the resistance value is maximum. Here the current value drops to zero 

while the voltage value becomes maximum and is equal to the open circuit voltage Voe · 

The current-voltage measurements were performed from morning to evening on clear sky 

clays for an interval of about 15 minutes for good temporal resolution and throughout the 

clay in order to investigate the effects of temperature and i1rndiance on the performance 

on the module. A plot of cunent against voltage gives the I-V characteristics of the CIGS 

solar module. 
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The saved I-V data was then fitted using the I-V fitting Labview programme as shown in 

Appendix B. 1-V fitting was done in order to get a clear I-V graph (extrapolate the short 

circuit current and open circuit voltage). 

The CIGS module was first used when clean and the coJTesponding measurements were 

made. Measurements were taken from 9:00am to 6:00pm for four days. Several 

measurements of 1-V data were obtained on each day. 

3.3.2 Temperature Measurements 

Temperature was measured by using of a thermocouple (K-type) . This was used to 

measure both the CIGS module back temperature and the ambient temperature 

(temperature of the suJTounding). A thermocouple was attached at the back of the CIGS 

module using cellotape and the module was plugged into a multimeter from which the 

module temperature was read and recorded in the computer. The ambient temperature 

was also read from a multimeter and recorded in the computer in the Labview 

programme. 

3.3.3 Irradiance Measurements 

lrrncliance was measured using an Apogee Logan UT Pyranometer. The pyranometer was 

connected to the DAQ system which was connected to the computer. The inadiance was 

recorded and displayed together with other electrical parameters using the Labview 

programme. 

3.3.4 Performance Measurements on Shaded CIGS Solar Module 

A ply wood of thickness lmm was placed at a distance of lm above the CIGS module 

covering a small area of 20% of the surface area of the module. This was put at different 

points on the upper surface of the CIGS module; first at the corners and then in the center. 

Thi s was clone in order to provide a partial shade to the module . The coJTesponcling 

measurements were made at each point. This was done for two days from 9:00am to 

5:00pm. 

The ply wood was then placed at a distance of lm above the module covering the whole 

module in order to provide a complete shade on the module. The conesponding 

measurements were made. This was done from 9:00am to 5:00pm for one day. 
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3.3.5 Performance Measurements on Dusted CIGS Solar Module 

A thin layer of fine soil was uniformly spread all over the upper surface of the CIGS solar 

module to a thickness of about lmm. The thickness was estimated by use of a dip wire 

and a vernier caliper. The c01Tesponding I-V measurements were made. This was clone 

from 9:00am to 5:00pm for one day. 

A thicker layer of fine soil of thickness of about 2mm was also uniformly spread all over 

the upper surface of the CIGS solar module and the c01Tesponcling measurements were 

made. This was done from 9:00am to 5:00pm for one day. 

3.4 Data Analysis 

After varying the variable resistor, the Labview programme captured and recorded the I­

V data and i1ndiance. The module and ambient temperatures, length and width of the 

module were fed into the programme and were also recorded in the Labview programme. 

The I-V data input was used by the Labview program to work out the electrical 

parameters of short circuit cmTent, open circuit voltage, maximum cu1Tent and voltage , 

maximum power, and filJ factor. The area of the module was also worked out and 

recorded. 

The data obtained was the measured data. This was done when the CIGS module was 

c lean , shaded and dusted . The measured data was copied from the Labview program and 

pasted in Ms-Excel programme and tabulated. The efficiency of each set of data was 

calculated and recorded using equation (3.1): 

p . 
- max 100 (" 1) 17- --x . .... . .... . .. .. .. . . .......... . . . . ........ . .. ...... . .. .) , 

Ax! 

where A is the area of the module and I is the irrndiance. 

Averages of each day for the data were calculated and the overall average for the days 

were also calculated when the module was clean, shaded and. dusted. 

The measured cu1Tent-voltage data was then analysed using I-V fit programme m the 

Labview programme in Appendix B. The co1Tesponding electrical parameters were 

obtained for each I-V data using I-V fit Labview programme. The data was then tabul ated 

using Ms-Excel programme. The efficiency of each set of data was calculated and 
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recorded. Averages of each day for the data recorded were calculated and the overall 

average for the days were also calculated when the module was clean, shaded and dusted. 

The current-voltage curves for the I-V data from I-V fit measurements were plotted using 

Ms-Excel . 

To obtain the electrical parameters at standard condition (STC), the fitted I-V values were 

normalized. 

Normalization of module cuITent to the standard condition was performed according to 

Equation (3 .2) (Chamberlin, et al., 1995): 

I - G .w11 I 
std - G 111ca.l'llred 

. . . ...... .. ...... . ............ ... . ... . . . .......... ... .... (3.2) 

where; /.1/!1 is the current of the module at the standard condition (normalized cuITent), 

Gsid is the standard i1i-adiance (iITadiance at STC is lOOOW!m\ G is the solar i1i-adiance 

on the plane of the module and 11//eamrcd is the measured current of the module. 

Normalization of module voltage was pe1iormed according to Equation (3 .3) 

(Chamberlin , et al., 1995): 

V1t1 = V,11rn1·11rcAI + /J(T,,c1 - ~·ct )) 
. ... . ... . .. . .. ... ...... .. . .. ...... . ..... . .. ... ...... (3 .3) 

where V11r1 is the voltage of the module in the standard condition (normalized voltage), 

\111"'11.111 ,."r1 is the measured voltage of the module, fJ is the temperature coefficient of the 

voltage of a PV cell, T11r1 is the standard cell temperature (temperature at STC is 25°C) 

and T,.e1 is the temperature of the module. 

The temperature coefficient of the voltage, fJ is the fraction of the voltage lost per degree 

temperature rise for the module. The temperature coefficient was obtained by exposing 

the module to solar irradiance. A thermocouple was attached at the back of the CIGS 

module using a cellotape and then connected to a multimeter to measure the module 

temperature. The output of the module was connected to" a multimeter to measure Y oe· 

The module temperature and Yoe measurements were taken simultaneously at different 

remperatures. The temperature coefficient was calculated using equation (3.4) (Kullmann, 

2009) 
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(V,u:; -V,":J)( 
- T;-T, " /3 - v ... ... ... ........... ... .. ... .. ..... ..... ... . (.) .4) 

oc:m. 

is the slope S of the graph of Y 0c against temperature of the 

module. 

where ; \/,,,, is initial open circuit voltage, V,"'
1 

is final circuit voltage, \1
0

, .. , 1s average open 

circuit voltage , I; is initial temperature and T1 is final temperature. 

S = -0 .0727V/°C, \I = 15.5381Y, therefore~= -0.0047/°C 
()( "m · 

The normalized cuJTent and voltage data were then plotted using Ms-Excel from which 

the pe1formance parameters were obtained. The efficiency was calculated and then 

compared with the rated value of the CIGS module . 

Graphs showing the vaiiation of electrical parameters (Isc, Y oc, Pmax, FF and lJ) on 

temperature and irradiance were also plotted. 
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CHAPTER FOUR: RESULTS OF THE STUDY 

4.1 Introduction 

The results of this study basically focused on the performance parameters of the CIGS 

so lar module. The performance parameters were also determined under the effect of 

temperature, irradi ance, shading and dusting on the CIGS solar module. 

4.2 Electrical Performance Parameters of the CIGS Solar Module 

The results of the performance of the CIGS module were based on a CIGS module of area 

62cmx30cm whose cells were manufactured in United States of America and assembled 

in lnclia. The current-voltage characte1istic measurements were captured using the Data 

Acquisition system and the Labview programme was used to process and display the 

el ectrical parameters. 

4.2.1 Performance Parameters for Measured Data 

The performance parameters for the measured data for a clean CIGS module from each 

set of 1-V characteristic measurements captured were obtained from the Labview 

programme. The averages for each set of data obtained and the overall average for the 

four clays were as shown in table 4.1 below. 

Table 4.1: Performance Parameters of clean CIGS Module using Measured Data 

Date Electrical Parameters 

Isc(A) Yoc(V) Pmax(W) FF 11 (%) 

09lll-Dec-2012 0.584 15.559 8.178 0.90 8.2 

10111-Dec-2012 0.459 14.166 5.787 0.89 7.3 

11 111-Dec-2012 0.310 14.837 4.328 0.941 7.1 

12lll-Dec-2012 0.828 15.889 12.656 0.962 8.5 

Overall average 0.545 15.113 7.737 0.939 7 .8 
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The electrical parameters kept on varying on the different days. This was because the 

temperature and i1rndiance kept on varying on each day. 

4.2.2 Performance Parameters for Fitted Data 

The Performance parameters for the fitted I-V data for a clean CIGS module were 

obtained after fitting the measured data using I-V fitting Labview programme shown in 

Appendix B. The averages for each set of fitted data obtained and the overall average for 

the four clays were as shown in tables 4.2 below. 

Table 4.2: Performance Parameters of clean CIGS Module using Fitted Data 

Date Electrical Parameters 

Isc(A) Yoc(V) Pmax(W) FF 11 (%) 

09t11-Dec-2012 0.577 16.766 5.398 0.528 6.3 

10[11 -Dec-2012 0 .509 15 .823 5.301 0.658 6.2 

11 u1-Dec-2012 0.383 19.027 4.609 0.613 5.2 

li11 -Dec-2012 0.867 19.603 7.404 0.446 7.5 

Overall average 0.584 17.805 5.678 0.561 6 .3 

After fitting the I-V data, the electrical parameters still kept on varying on the different 

clays but slightly different from the measured data. This was because the fitted I-V data 

gave the exact short circuit cmTent and open circuit voltage after extrapolating the I-V 

data. 

4.2.3 Normalisation of 1-V data at Standard Condition (STC) 

The 1-V data were normalized using equation (3.2) and (3 .3). The normalized data were 

then plotted to generate I-V characteristics curve from which electrical parameters were 

obtained. These parameters were compared to the rated parameters. 
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Table 4.3: Rated and Measured Values of Performance Parameters of CIGS Module 

lsc(A) Voc(V) lmax(A) Vmax(V) Pmax(W) FF 11 (%) 

Rated Value 1.05 30.00 0.81 18.5 15.0 0.48 8.1 

Measured Normalised value 1.03 19.25 0.71 13.4 9.5 0.48 6.1 

The short circuit current reduced by 1.9% from the rated value. The open circuit voltage 

reduced by 35.8% from the rated value. The maximum current reduced by 12.3% from 

Lhe rated value. The maximum voltage reduced by 37.9% from the rated value. The 

maximum power reduced by 36.7%. There was no change in the fill factor. The efficiency 

reduced by 24.7% from the rated value. Figure 4.1 shows an 1-V characteristic curve of a 

CIGS solar module before being normalized and after being normalized. 
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·-----·-- - _,,__ - - ·--

Figure 4.1: 1-V Characteristic for a clean CIGS Module using 1-V fit Data 

There was an increase in short circuit current in the normalized data by 0.12% and a 

reduction in the open circuit voltage in the normalized data by 0.01 %. 
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4.3 Effect of Temperature on the Performance Parameters of CIGS Solar Module 

Each of the five performance parameters were investigated with reference to temperature 

and graphs showing variation of each parameter with temperature were plotted. 

T he first parameter investigated was short circuit cmTent. A graph showing variation of 

short circuit cuJTent with module temperature was plotted as shown in figure 4.2. 
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Figure 4.2: Graph of Short Circuit Current against Module temperature 

The figure shows that short circuit cutTent increases linearly with module temperature. It 

increases at a rate of 0.04% with module temperature. 
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The second parameter investigated was open circuit voltage. A graph showing variation 

of open circuit voltage with module temperature was plotted as shown in figure 4.3. 
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Figure 4.3: Graph of Open Circuit Voltage against Module temperature 

The figure shows that open circuit voltage decreases linearly with module temperature. It 

decreases at a rate of 0.4% with module temperature. 

The third parameter investigated was maximum power. A graph showing variation of 

maximum power with module temperature was plotted as shown in figure 4.4. 
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Figure 4.4: Graph of Maximum Power against Module temperature 
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The figure shows that maximum power decreases linearly with module temperature. The 

power produced by PY cells is the product of cmTent and voltage. Because the drop in 

voltage is greater than the increase in cmTent, the net effect of an increase in module 

temperature is a drop in power production. Maximum power decreases at a rate of 0.2% 

with module temperature. Solar cells work best at low temperatures . 

The fourth parameter investigated was fill factor. A graph showing variation of fill factor 

with module temperature was plotted as shown in figure 4.5. 
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Figure 4.5: Graph of Fill factor against Module temperature 

The figure shows that fill factor decreases linearly with module temperature. It decreases 

at a rate of 0.2% with module temperature. 
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The fifth parameter investigated was efficiency. A graph showing vmiation of efficiency 

with module temperature was plotted as shown in figure 4.6. 
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Figure 4.6: Graph of Efficiency against Module temperature 

The figure shows that efficiency decreases linearly with module temperature . It decreases 

at a rate of 0.2% with module temperature. 

4.4 Effect of Irradiance on the Performance Parameters of CIGS Solar Module 

When PV modules are deployed outdoors, their I-V characteristics change due to the 

continual changing of iirndiance levels. The inadiance levels affect the electrical 

performance parameters of the modules . A typical clear sky solar noon value of iirndiance 

falling on the surface of the em1h at sea level is 1000W/m2
. At higher elevations less air is 

between the surface and the sun and the range of iirndiance values is higher than at sea 

level. In this study i1rndiance values were less than 1000W/m2 because the study was 

carried out at a lower elevation. Each of the five performance parameters were 

investigated with reference to inadiance and graphs showing variation of each parameter 

\vith irracliance were plotted. 
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The first parameter investigated was short circuit cmTent. A graph showing variation of 

short circuit current with irradiance was plotted as shown in figure 4.7. 
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Figure 4.7: Graph of Short Circuit Current against Irradiance 

The figure shows that short circuit cmTent increases linearly with irradiance. It increases 

al a rate of 0.4% with irradiance. 

The second parameter investigated was open circuit voltage. A graph showing variation 

of open circuit voltage with iindiance was plotted as shown in figure 4.8. 

25.0 

,......._ 

> 20.0 '--' 
<!) 
bIJ 
5 
0 15.0 
> 
~ 

_, 
>J LO .O ·-u 
,... 
<IJ 

5.0 c.. 
0 

0.0 

0 

--- ---- - -- ---- ---- -------1 

I 
I 
I 

y = 4.61Sln(x) - 11.89 i 

R2 = 0.968 

---···-----.------~-~---....,-----, -·-- -

100 200 300 400 500 600 700 800 900 

Irradiance(W /m2) 

-----------.---·-·--- _____________ __. 

Figure 4.8: Graph of Open Circuit Voltage against Irracliance 
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The figure shows that open circuit voltage increases logarithmically with inadiance. It 

increases at a rate of 0.04% with inadiance. 

The third parameter investigated was maximum power. A graph showing variation of 

maximum power with irradiance was plotted as shown in figure 4 .9. 
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Figure 4.9: Graph of Maximum Power against Irradiance 

The figure shows that maximum power increases linearly with i1i-acliance. The power 

produced by PV cells is the product of cuJTent and voltage. Because of this relationship, 

the net effect of an increase in i1i-adiance is an increase in power production. Maximum 

power increases at a rate of 0.6% with irradiance. Solar cells work best with high levels of 

irracliance. 
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The fourth parameter investigated was fill factor. A graph showing variation of fill factor 

with inadiance was plotted as shown in figure 4 .10. 
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Figure 4.10: G ra ph of Fill factor against Irradiance 

T he figure shows that fill factor increases linearly with i1ndiance. It increases at rate of 

0.5% with inadiance. 

T he fifth parameter investigated was efficiency. A graph showing variation of efficiency 

with irradiance was plotted as shown in figure 4.11. 
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Figure 4.11: Graph of Efficiency against Irradiance 
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The figure shows that efficiency increases linearly with inadiance. It increases at rate of 

0.5% with i1i-adiance. 

4.5 Effect of Shading on the Performance Parameters of CIGS Solar Module 

The performance parameters for measured data for a partially and completely shaded 

CIGS module from each set of I-V characteristic measurements captured were obtained 

from the Labview programme. The averages for each set of data obtained are as shown in 

tabl e 4.4 below. 

Table 4.4: Performance Parameters of Shaded CIGS Module 

Isc(A) Yac(V) Pmax(W) FF 11 (%) 

Clear CIGS module 0.882 15.773 13 .905 0.999 8.9 

Partial shading 0.117 4.591 0.537 0.998 0.0 

Complete shading 0.026 0.075 0.003 0.997 0.0 

Table 4.4 shows that short circuit cunent reduced by 86.7% with partial shading and by 

97 .1% with complete shading. Open circuit voltage reduced by 70.9% with partial 

shading and by 99.5 % with complete shading. Maximum power reduced by 96.l % with 

partial shading and by 100% with complete shading. Fill factor reduced by 0.1 % with 

partial shading and by 0.2% with complete shading. Efficiency reduced by 100% with 

both partial and complete shading. 

The Performance parameters for the fitted I-V data for a partially and completely shaded 

C lGS module were obtained after fitting the measured data using I-V fitting Labview . 

programme in Appendix B . The averages for each set of fitted data obtained are as shown 

in table 4.5 below. The I-V graph showing the effect of shading on the CIGS module was 

plotted as shown in figure 4.12. 



39 

Table 4.5: Performance Parameters of Shaded CIGS Module using I-V fit data 

Clear module 
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Figure 4.12: I-V Characteristic Curve of Shaded CIGS Solar Module 

Figure 4.12 shows that cuITent and voltage decreased with shading. The short circuit 

current dropped from 0.867A to 0.131A with partial shading and to 0.026A with complete 

shading. The open circuit voltage dropped from 19.437V to 7.962V with partial shading 

and to 3.206V with complete shading. 

4.6 Effect of Dusting on the Performance Parameters of CIGS Solar Module 

The performance parameters for measured data for a lmm layer dusted and a 2mm layer 

dusted CIGS module from each set of I-V characteristic measurements captured were 
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obtained from the Labview programme. The averages for each set of data obtained are as 

shown in table 4.6 below. 

Table 4.6: Performance Parameters of Dusted CIGS Module 

Isc(A) Vac(V) Pmax(W) FF 11 (%) 

Clear CIGS module 0.882 I5.773 13.905 0.999 8.9 

I mm layer of dust 0 .674 I4.350 9.648 0 .998 6.0 

2mm layer Of dust 0.054 0.004 0.000 0.997 0 .0 

Table 4.6 shows that short circuit cmTent reduced by 23.6% with Imm dusting and by 

93 .9% with 2mm dusting. Open circuit voltage reduced by 9% withimm dusting and by 

I 00% with 2mm dusting . Maximum power reduced by 30.6% with Imm dusting and by 

I 00% with 2mm dusting. Fill factor reduced by O.I % with lmm dusting and by 0.2% 

with 2mm dusting . Efficiency reduced by 32.6% with lmm dusting and by 100% with 

2111 m dusting. 

The Performance parameters for the fitted I-V data for a I mm layer dusted and a 2mm 

layer dusted CIGS module were obtained after fitting the measured data using I-V fitting 

Labview programme. The averages for each set of fitted data obtained are as shown in 

tables 4 .7 below. The I-V graph showing the effect of dusting on the CIGS module was 

plotted as shown in figure 4.13. 

Table 4.7: Performance Parameters of Dusted CIGS Module from I-V fit I-V Data 

Isc(A) Vac(V) Pmax(W) FF 11 (%) 

Clear module 0.867 19.437 8.095 0.480 5.2 

I mm layer of dust 0.664 16.327 6.061 0.469 3.0 

2mm layer Of dust 0 .026 0.822 . 0.007 0.454 0.0 
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Figure 4.13: I-V Characteristic Curve of Dusted CIGS Solar Module 

Figure 4.13 shows that cuJTent and voltage decrease with dusting . There is a small 

decrease in current and voltage with a lmm layer of dust but a very big decrease in . 

current and voltage with a 2mm layer of dust. The short circuit current dropped from 

0.867 A to 0.664A with a lmm layer of dust and to 0.026A with a 2mm layer of dust. The 

open circuit voltage dropped from 19.437V to 16.327V with a lmm layer of dust and to 

0.822V with a 2mm layer of dust. 
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CHAPTER FIVE: DISCUSSION OF RESULTS, CONCLUSIONS AND 

RECOMMENDATIONS 

5.1 Discussion of Results 

5.1.1 Electrical Performance Parameters of the CIGS Solar Module 

The electrical parameters were obtained. The short circuit current was found to be l .03A 

and was less by 0.02A from the rated value of 1.05A, a reduction of 1.9%. The open 

circuit voltage was found to be 19,25V and was less by 10.75V from the rated value of 

JOY, a reduction of 35.8%. The maximum cmTent was found to be 0.7 lA and was less by 

0.101 A from the rated value of 0.81A, a reduction of 12.3%. The maximum voltage was 

found to be 13.4Y and was less by 5.1 V from the rated value of 18.5Y, a reduction of 

37 .9%. The maximum power was found to be 9.5W andwas less by 5 .5W from the rated 

value of 15W, a reduction of 36.7%. There was no change in the fill factor. The efficiency 

was found to be 6.1 % and was less by 2 from the rated value of 8.1 % a reduction of 

24.7 %. 

The results obtained in this study show that out of the seven parameters it was only the 

fi II factor which had the same value with the rated value. The sho1t circuit current was 

c lose to the rated value while other parameters were significantly lower than the rated 

value varying between 12.3% and 37.9%. 

5.1.2 Effect of Temperature on the Performance Parameters of CIGS Solar Module 

Short circuit cmTent increases slightly and linearly with module temperature. Open 

circuit voltage decreases greatly and linearly with module temperature. Maximum power 

decreases linearly with module temperature. The power produced by PV cells is the 

product of current and voltage. Because the drop in voltage is greater than the increase in 

current, the net effect of an increase in module temperature is a drop in power production. 

Fill factor and efficiency also decrease linearly with increase in module temperature. 

5.1.3 Effect of Irradiance on the Performance Parameters of CIGS Solar Module 

Short circuit current increases greatly and linearly with i1ndiance. Open circuit voltage 

increases slightly and logarithmically with i1ndiance. Maximum power increases linearly 

with irradiance. The power produced by PY cells is the product of cuITent and voltage. 
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Because of this relationship, the net effect of an increase in irradiance is an increase in 

power production. Fill factor and efficiency also increase linearly with irradiance. 

5.1.4 Effect of Shading on the Performance Parameters of CIGS Solar Module 

Short circuit cuJTent reduced by 85% with partial shading and by 97% with complete 

shading. Open circuit voltage reduced by 59% with partial shading and by 84% with 

complete shading. Maximum power reduced by 91 % with partial shading and by 99.5% 

with complete shading. Fill factor reduced by 2.7% with partial shading and by 7.5% with 

complete shading. Efficiency reduced by 98% with partial shading and by 100% with 

complete shading. 

The results in this study show that out of the five performance parameters, efficiency 

reduced more by shading followed by maximum power followed by short circuit current 

and then open circuit voltage. There was less reduction in fill factor. 

5.1.5 Effect of Dusting on the Performance Parameters of CIGS Solar Module 

Short circuit cuJTent reduced by 23% with lmm dusting and by 97% with 2mm dusting. 

Open circuit voltage reduced by 16% with lmm dusting and by 96% with 2mm dusting. 

Maximum power reduced by 25% with lmm dusting and by 99.9% with 2mm dusting. 

Fill factor reduced by 2% with lmm dusting and by 5% with 2mm dusting. Efficiency 

reduced by 42% with lmm dusting and by 100% with 2mm dusting. 

The results in this study show there is less reduction in the performance parameters of the 

CTGS module with lmm dusting and a greater reduction in the performance parameters of 

the module with 2mm dusting. Out of the five performance parameters, efficiency 

reduced more by dusting followed by maximum power followed by short circuit cuJTent 

and then open circuit voltage. There was less reduction in fill factor. 

5.2 Conclusions 

The results obtained in this study proved that I-V characteristics of a CIGS module can 

predict the device performance when put outdoors. The study also shows that I-V 

characteristics of a CIGS solar module can be regarded as a useful tool for better 

understanding of the device parameters. It also revealed that the CIGS solar module can 
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perform well in the Ugandan climate since there was little diversion of the measured 

values from the rated values. 

The study revealed that short circuit cmTent increases linearly with module temperature. 

Since it increases slightly with module temperature, the variation can be considered 

negligible in PV designs . Open circuit voltage decreases linearly with module 

temperature. It decreases greatly with module temperature. Maximum power decreases 

linearly with module temperature. The power produced by PV cells is the product of 

current and voltage. Because the drop in voltage is greater than the increase in cunent, the 

net effect of an increase in module temperature is a drop in power production. Solar cells 

work best at low temperatures. Fill factor and efficiency also decrease linearly with 

module temperature. 

The study also revealed that short circuit current increases linearly with i1rndiance. Short 

circuit current is directly proportional to irradiance. Open circuit voltage increases 

logarithmically with inadiance. The effect of irradiance on voltage is so small that it is 

negligible. Maximum power increases linearly with i1i-adiance. The power produced by 

PY cells is the product of cu1Tent and voltage. Because of this relationship, the net effect 

of an increase in irradiance is an increase in power production. Solar cells work best with 

high levels of inadiance. Fill factor and efficiency also increase linearly with inadiance. 

The study also revealed that .the electtical pe1formance parameters of the CIGS solar 

module are greatly affected by both partial and complete shading hence affecting on the 

performance of the CIGS module. The maximum power of the CIGS module reduced by 

91 (fa with partial shading and by 99.5% with complete shading. The efficiency reduced by 

98 % with partial shading and by 100% with complete shading. 

Finally the study revealed that when a thin layer of dust goes on the CIGS module very 

small current and voltage passes through the module. There is reduction in the power 

output and efficiency of the solar module and therefore a reduction in its performance. 

When a l mm layer of dust was put on the CIGS module, the maximum power reduced by 

2.)Cfc, and the efficiency by 42%. When a thick layer of dust goes on the CIGS module 

very Ii ttle or no current and voltage goes through the module. This reduces the power 

output and efficiency of the module and therefore a great reduction in its performance. 
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When a 2mm layer of dust was put on the CIGS module, the maximum power reduced by 

99.9% and the efficiency by 100%. 

5.3 Recommendations 

Basing on the findings of this study, it is recommended that a further study should be 

clone over a longer period of time for example a year in both dry and wet seasons to cross 

check the reliability of the findings of this study. 

The results of this study will be useful to compare the performance of this type of module 

with others in the market to find out if they would give similar values. 

Current-voltage (1-V) characte1istics measurements under the dark should also be 

considered to determine the pe1f01mance of the CIGS solar modules. This would 

determine other electrical parameters such as series resistance, shunt resistance and diode 

parameters (ideality factor and reverse saturation current). 
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APPENDICIES 

APPENDIX A 

SCREEN VIEW IN LABVEIW PROGRAMME FOR I-V TRACING 

... 

Figure A 1: Circuit diagram in Labvei w Programme for I- V Tracing 
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APPENDIXB 

SCREEN VIEW IN LABVEIW PROGRAMME FOR 1-V CURVE TRACING 
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APPENDIX C 

ANALYSED DATA FOR MEASURED AND FITTED I-V PARAMETERS 

Measured data for a clean module compiled taken on 09th-Dec-2012. 

Time lsc Voe I max Vmax Pmax FF ModT AmbT !rd Area A*I EFF 

tJJ I 0.542 14.0 11 0.535 14.0 1 7.499 l.012 21 25 206 .4 11 0.186 38.392 19.5 

1147 0.54 14.072 0 .54 14.072 7.599 I 21 25 333.049 0. 186 6 1.947 12.3 

'!50 0.564 14.086 0.564 13.9 19 7.855 1.0 12 20 25 337.357 0. 186 62.748 12.5 

111 27 0.(i5(> 14.92 1 0.(i56 14.877 9.76 1.003 2 1 28 350.619 0 . 186 65 .2 15 15.0 

1042 0.757 15.7 11 0.757 15.70 1 I l.878 1.001 16 27 690.052 0. 186 128.350 9.3 

1048 0.658 14.598 0.651 14.46 1 9.415 1.02 17 27 778.984 0. 186 144.89 1 6.5 

1054 0.517 12.763 0.5 17 12.693 6.561 1.005 20 27 586.838 0.18(> 109. 152 6.0 

11 00 0 .. 1(>4 11.058 0.364 11.0 19 4.006 1.004 21 28 286.868 0. 186 53 .357 7.5 

111 5 0.821 15.762 0.821 15.752 12.927 1.001 20 28 790. 133 0. 186 146.%5 8 8 

1120 0.822 15.477 0.822 15.47 12.709 I 17 29 807.422 0. 186 150. 180 8.5 

1123 0.807 15.51 0.807 15.505 12.516 I 16 29 758 .99 1 0. 186 141.172 8.9 

11.1 11 0.845 15.539 0.845 15.539 13.128 I 18 29 773.304 0. 186 143 835 9.1 

1140 0.745 15.86(> 0 .745 15.798 11.77 1 l.004 19 29 829.857 0 . 186 154.353 7.6 

11511 0.3'J7 12.017 0.393 12.0 11 4.7 19 l.012 26 29 299.393 0. 186 55.687 8.5 

l 22~ 0.477 13.279 0.477 13.27 6.324 1.00 1 19 24 337.61 0. 186 62.795 10.1 

I',,_,, __ ,_, 0.887 16.15 1 0.887 16. 136 14.307 1.001 24 32 834.508 0. 186 155.2 18 9.2 

12.14 0.491 13.(i75 0.491 13.673 6.71 5 I 17 25 298 .079 0. 186 55.443 12. 1 

I .:! Jl) 0.882 15.773 0.882 15.76 1 13.905 1.001 23 32 84 1.591 0. 186 l 56.536 8.9 

1244 0.871 15.599 0.87 15.599 13.57 l.00 1 21 31 838.989 0. 18(> 156.052 8.7 

13117 0.80(> 15.06 1 0.80(> 15.06 1 12.133 I 18 30 340.5 16 0.186 63.336 19.2 

1.1 17 0.(i5 15.1 01 0 .649 15.073 9.785 l.003 18 30 72 1.554 0. 186 134.209 7.3 

l )~_') 0.877 15.667 0 .877 15.664 13.734 l.00 1 2 1 30 837.909 0. 18(> 155.851 8.8 

1.13 8 0 .837 15.298 0.837 15.293 12.807 I 27 31 840.288 0. 186 156.294 8 .2 

1.142 0.834 15. 193 0.834 15. 193 12.674 I 28 32 822.498 0.186 152.985 8.3 

I JS I 0.8(> 15.098 0.86 15.09 12.973 1.001 3 1 34 8 10.883 0.1 86 150.824 8.(> 
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1-11 (, 0.309 7.451 0.283 7.323 2.072 1.112 26 32 130.202 0 186 24.218 8.6 

1-121 0 .8-17 15.993 0.845 15.984 13.5 11 1.003 26 3 1 808.483 0. 186 150.378 9.0 

1-IJ'i 11.42 9.6.13 0.42 9.633 4.042 I 26 30 2 11.322 0. 186 39.306 10.3 

1-138 0. 792 15.778 0.792 15.775 12.499 I 26 30 763.993 0. 186 142.103 8.8 

1-l'ill 0.775 15. 109 0.775 15.094 I 1.695 1.001 26 30 772.213 0.186 143.632 8. 1 

1 'i32 0.41 1 (i.48 0 .411 6.441 2.648 1.006 28 28 482.105 0. 186 89.672 J.O 

15.18 0 .572 14. 164 0.572 14.134 8.091 1.002 28 28 584.204 0. 186 108.662 7.4 

15-12 ll .2'i3 (i.(i08 0.253 (i.589 1.665 1.003 28 28 523.855 0.186 97.437 1.7 

I .,'i-1 0.22-1 6.3 15 0.21 6.308 1.327 1.067 24 28 135.795 0. 186 25.258 5.3 

!Cd I 0. 189 5.5 12 0. 178 5.483 0.974 1.067 25 27 118.254 0. 186 2 1.995 4.4 

I Ci2X JJ.:128 9.%5 0.324 9.896 3.204 1.02 1 25 26 269.505 0. 186 50.128 6.4 

J(,-l(i 0.28(i 9.045 0.26 9.024 2.343 1.103 25 26 227.57 0.186 42.328 5.5 

170-l 0. 157 4. 107 0 .147 4.09 0.6 1.076 25 26 90.996 0.186 16.925 3.5 

1711(1 0.152 4.317 0 .15 1 4.078 0.frl8 1.065 25 26 89.373 0. 186 16.623 3.7 

IXllll 0.147 -1.12-1 0. 14 1 4.104 0.578 1.051 25 26 86.732 0.186 16. 132 3.6 

t\ VER1\ GE 0 .584 12.57 0.58 1 12.515 8. 178 1.0165 23 28 5 16 208 0.186 96.015 8.5 

1-V fit data for a clean module compiled taken on 09111-Dec-2012. 

Tinll' lsc(t\) Voc(V) lmax(t\) Vmax(V) Pma x(W) FF ModT t\mbT !rd A rea A*I EFF 

<>.-, I 0.52-1 17.606 0.4 19 13.1 11 5.499 0.597 22 23 394.874 0. 186 73.447 7.5 

'1-17 0.524 17.312 0.43 1 12.96 5.582 0.616 22 23 412.636 0.186 76.75 7.3 

1027 ll.(15(1 18.002 0.4(19 13.077 6.135 0.52 2 1 25 206.4 11 0. 186 38.392 16.0 

111-12 0.7(1 ! 18.766 0.528 13.487 7. 12 0.498 21 25 333.049 0.186 6 1.947 I!. ) 

111-18 0.(i5(i 17.633 0.489 12.956 6.336 0.548 20 25 337.357 0.186 62.748 JO. I 

105-1 0.-198 16.768 0.391 11 .877 4.645 0 .557 20 27 586.838 0.186 109. 15 4.3 

1100 (J.:167 15.565 0.309 11.703 3.6 17 0 .634 2 1 28 286.868 0.186 53.357 6.8 

I 11 5 11 .8 12 18.43 1 0.578 13.519 7.814 0.522 20 28 790.133 0. 186 146.96 5.3 

1120 0.81-1 18.525 0.564 13.185 7.44 0.493 17 29 807.422 0 .181i 150. 18 50 

111."l 0.788 18.759 0.545 13.432 7.3 15 0.495 16 29 758.99 1 0. 186 141.17 5.2 



SS 

I l.'0 0 843 19.225 0.54 13.5 15 7.303 0.45 18 29 773 .304 0 . 186 143.83 5.1 

11-111 11.734 17.947 0.(i12 13.72 8.39 1 0.637 19 29 829.857 0.186 154.35 5.4 

l l :i<J 0.393 20.382 0.3 12 14.534 4.54 1 0.567 26 29 299.393 0. 186 55.687 8.2 

1228 0.47 I 18.5 18 0.368 12.998 4.784 0.548 19 24 337.6 1 0. 186 62.795 7 6 

) ~" __ )_l 0.8% 20.467 0 .57] 14.426 8.27 0.45 I 24 32 834.508 0. 186 155.22 5.3 

12.1-1 0.-198 20.645 0.345 14.773 5.092 0.496 17 25 298.079 0. 186 55.443 9.2 

I _2JCJ 0.8(17 I 9.437 0.597 13.56 1 8.095 0.48 23 32 84 1.591 0. 186 156.54 5.2 

12-1 -1 ll.8(17 19. 169 0.596 13.345 7.956 0.479 2 1 31 838.989 CJ. I 8(i 156.05 5. 1 

1.107 ll.81 -1 18.893 0.555 13.08 1 7.257 0.472 18 30 340.5 16 0. 186 63. 336 11 .5 

I 317 CJ .(155 l<J.778 0.5 14. 145 7.069 0.545 18 30 721.554 0. 186 IJ4.21 5.3 

I ~25 0.867 1'1.26-1 0.597 13.4 17 8.005 0.479 21 30 837.909 0 . 186 155.85 5. 1 

I .ll8 0 .8 14 18.989 0.555 13. 153 7.302 0.472 27 3 1 840.288 0 . 186 156.29 4.7 

IJ-C 0. 84 1 18.85 0.576 13.051 7.5 15 0.474 28 32 822.498 0. 186 152.98 4 .<J 

l 35 1 0.84 1 l'l.252 0.577 13.375 7.71 2 0.477 3 1 34 8 10.883 0.186 150.82 5. 1 

1-1 1(1 0.288 13.826 0.25 1 10.739 2.696 0.677 26 32 130.202 0. 186 24.2 18 II.I 

1-12 1 0.8-11 18.82'1 0.602 14.329 8.622 0.544 26 31 808.483 0. 186 150.38 5.7 

1-1.'5 0.3'13 16. 102 0.303 12.037 3.643 0.575 26 30 2 1U22 0 . 186 39.306 <J .3 

l-D8 0.789 17.987 0.575 14. 103 8.106 0.57 1 26 30 7(13.993 0.186 142. 1 5.7 

1-1511 0.785 17.536 0.565 13.356 7.542 0.548 26 30 772.2 13 O. I 8(1 143.63 5.3 

I 5 :r~ o.:1-1:?. 8.494 0. 172 4.703 0.809 0.278 28 '.?.8 482. 105 0. 186 89.672 11 .9 

IS3X 0.577 19.302 0. -123 13.487 5.70 1 0.5 12 28 28 584.204 0. 186 108.66 5.2 

15-12 0.2(>'.l 12.932 0. 173 8.982 1.553 0.458 28 28 523.855 0. 186 97.437 1.6 

155-1 0.'.?.09 9.95-1 0. 17(1 7.57 1 1.333 0.64 24 28 135.795 0. 186 25.258 5.3 

l(dl 0. 183 '1.78(1 0. 153 7.42 1 1.136 0.634 25 27 118.254 0. 186 21.995 5.2 

I (128 0.3 14 17.746 0.26 1 13. 102 3.42 0.6 13 25 26 269.505 0. 186 50. 128 (1.8 

) (1-l(1 0.262 2 1.596 0.2 13 16.78 1 3.577 0.633 25 26 227.57 0 .186 42.328 8.5 

170-1 0. 157 7.2 0. 11 2 4.756 0.532 0.47 25 26 90.996 0.186 16.925 3. 1 

1706 0. 157 7.2 0. 11 2 4.756 0.532 0.47 25 :!6 89.373 0. 186 16.623 3.2 

1800 0.157 7.'2 0.112 4.756 0.532 0.47 25 26 86.732 0. 186 16. 132 3.J 

A VER1\GE 0.577 16.766 0.4 16 12.084 5.398 0.528 23 28 503.49 1 0. 186 93.649 6.3 
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Measured data fo r a clean module compiled taken on 10t11-Dec-201 2. 

TimL' lsc(A) Voc(V) lmax(A) Vmax(V) Pmax(W) FF ModT AmbT lrd Arca A*I EFF 

111.\-l IU-12 10.8(i5 0.342 10.848 3.707 1.002 26 19 290 97 0. 186 54. 120 6 

111511 0.339 10.677 0.339 10.669 3.6 15 1.001 25 19 302.062 0.186 56. 184 (i 

l l ll:i 0.382 11.535 0.382 11.475 4.38 1.005 29 20 294.048 0.186 54.693 8 

11 25 11.-1-13 12.439 0.443 12.425 5.504 1.001 31 20 386.7 0 .186 71.926 7 

11.111 0.-15 12.555 0.45 12.555 5.651 I 32 18 39 1.725 0. 186 72.86 1 7 

1 l:i5 0.565 13.665 0.565 13.544 7.647 1.0 1 31 16 562.687 0. 186 104.6(i0 7 

12 111 0.fil)_) 14.597 0.695 14.404 10.016 l.0 13 30 30 500.42 0. 186 '!3.078 10 

1\ VERl\GE O.-l51J 12.333 0.459 12.274 5.789 l.005 29 20 389.802 0.186 72.503 7.3 

1-V fit data for a clean module compiled taken on 10111-Dec-2012. 

Tilllc lsc(I\) Voc(V) lmax(A) Vmax(V) Pmax(W) FF ModT AmbT lrd A rca A* I EFF 

ICl .U 0 .3-l 15.05-l 0.298 11.688 3.483 0.68 26 19 290.97 0 . 186 54. 120 6 

111511 IU4 15.054 0.298 11 .688 3.483 0.68 25 19 302.062 0. 186 56.184 6 

11115 0.366 15. 173 0.32 1 11.797 3.79 1 0.682 29 20 294.048 0. 186 54.693 6 

I 125 0.4 1 I) 15.387 0.369 11.98 1 4.4 15 0.685 3 1 20 386.7 0. 1 S(i 7 l.92(i (i 

11 -111 0.-119 15.387 0.369 11.98 1 4.4 15 0.685 32 18 39 1.725 0. 186 72.861 6 

1155 0.55 15.562 0.475 11.918 5.665 0.662 31 16 562.687 0.186 104.660 5 

12111 0.(i82 l(i.818 0.549 12.792 7.029 0.613 30 30 500.42 0 .186 93.078 7 

122) 0.7.1-l l(i.98(i 0.595 12.952 7.7 12 0.6 19 30 30 (>17.341 0. 186 114.8'.'.5 6 

I ~J5 0.734 I (i.98(i 0.595 12.952 7.712 0.6 19 3 1 19 494.194 0. 186 91. 920 8 

1\\IER/\l;to 0.509 15.82.l 0.430 12. 194 5.30 1 0.658 '.'.9 '.'. I 4'.'.6.683 0.18(> 79 .J63 6.2 

Meas ured data fo r a clean module compiled taken on ll th_Dec-201 2. 

TilllL' lsc(A) Voe(\/) lmax(A) Vmax(V) Pmax(W) FF ModT AmbT lrd Area A*I EFF 

l l l(i 0.3(i5 17.763 0.365 17.741 6.47 1 1.00 1 26 2~ 338 0. 186 62.868 10 

1131 IU(1I 17. l'.'.3 0.359 17. 122 6. 146 1.005 28 26 3 18 0.186 59. 148 10 
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I I -lr1 0.275 12.3 11 0.2(16 12.311 3.276 1.032 27 27 122 0.186 22.692 14 

I 201 0.274 11.859 0.266 11.859 3.153 1.031 27 27 145 0.186 26.97 II 

121(1 0.24 10.0(16 0.237 9.808 2.324 1.04 28 29 171 0. 186 31.806 7 

1252 0.337 15.879 0.283 15.19 4.301 1.245 28 23 443 0. 186 82.398 5 

1307 0.253 10.909 0.253 10.801 2.731 1.01 29 15 508 0.186 94.488 2 

I ~22 0.254 10.726 0.249 10.698 2.662 1.024 28 27 104 0. 186 19 .344 13 

1.1 52 0.37:1 17.672 0.373 17.653 6.589 1.001 28 27 298 0.186 55.428 11 

1-107 0.323 14.626 0 293 14.626 4.286 1.102 29 29 218 0 . 186 40.548 10 

1-422 0.356 16.21 3 0.356 15.934 5.67 1.017 29 28 413 0 . 186 76.818 7 

1\ VEl( AGE IUIO 14. 104 0.3 13.977 4 .328 1.046 28 2(1 279.8 18 0 . 186 52.046 9. 1 

l-V fit data for a clean module compiled taken on 11 111-Dec-2012. 

Tirn~ lsc(A) Voc(V) lmax(A) Vmax (V) Pmax(W) FF ModT AmbT !rd Arca A*I EFF 

111 (1 0.367 21.915 0.306 2 1.279 6.51 0.81 26 26 :138 0.186 62.868 10 

11.11 0.472 21.385 0.363 16.221 5.891 0.584 28 26 3 18 0.186 59. 148 9 

11-1(1 0 .-12 16.569 0. 299 I 1.375 3.403 0.49 27 27 122 0.1 86 22.692 14 

120 1 0.42 16.569 0.299 I 1.375 3.403 0.49 27 27 145 0. 186 26.97 12 

121<i 0.3 15 15.43 1 0.2 17 10.373 2.252 0.464 28 29 17 1 0. 186 31.806 7 

1252 0.3(16 21.564 0.3 2 1.564 6.479 0.82 28 23 443 0.186 82 .398 7 

I :W7 0.36(1 15.567 0.263 10.476 2.756 0 .483 29 15 508 0. 186 94.488 2 

1322 0.3(1(1 15.567 0.263 10.476 2.756 0.483 28 27 104 0. 186 19.344 14 

1.152 0.41 CJ 21.597 0.323 20.734 6.703 0.741 28 27 298 0. 186 55.428 12 

1-1117 lU-1 21.566 0.279 16.71 4.656 0.634 29 29 2 18 0. 186 40.548 II 

1-L!2 0. ~ (1(1 2 1. 5(1CJ 0. 307 19.194 5.888 0.745 29 28 41 3 0. 186 7(1.8 ! 8 7 

AV ER AG E 0.38 .1 19.027 0.293 15.434 4.609 0.613 28 26 279.8 18 0 .186 52.046 9.5 

Measured data for a clean module compiled taken on lt11-Dec-2012. 

Ti111l' lsc(A) Voc(V) I max( A) Vmax( V) Pmax(W) FF ModT AmbT lrd Area A*I EFF 

11 20 0.2(18 9.143 0.267 9.123 2.435 1.006 25 25 461.41 0. 186 85.822 2 
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11.\5 0.787 15.355 0.787 15.33 12.059 1.002 27 27 529.983 0. 186 98 .577 12 

11 511 0.866 15.562 0.866 14 .969 12.958 1.04 26 27 882.005 0.186 164.053 7 

12115 11.939 15.235 0.939 15.218 14.292 1.00 1 27 27 94 1.759 0.186 175. 167 8 

1220 0.92 1 14 .967 0.92 1 14.946 13.768 1.00 1 28 28 873.724 0.186 162.5 13 8 

12~5 0.974 15.202 0.974 15.176 14.781 1.002 27 28 874.579 0. 186 162.672 9 

I 311.) 0.989 15.186 0.989 15.177 15.0 14 1.001 29 29 960.778 0 . 186 178.705 8 

1.1211 0.934 14.697 0.934 14.697 13.73 I 29 29 881.785 0.186 164.0120 1 8 

1.135 0.908 16.848 0.908 16.847 15.289 I 29 29 78 1.488 0 . 186 145.357 10 

1:1511 0.998 16.076 0.998 16.06 1 16.024 1.00 1 29 29 88(i.6 l 9 0 .186 164.911 9 

1-105 1.053 17.02 1.053 17.005 17.901 1.00 1 29 29 886 .97 0. 186 164.97(1 10 

1-120 0.468 15.843 0.468 15.843 7.421 I 29 28 836.021 0.186 155.500 4 

1-135 0.947 15 .972 0.947 15.968 15.127 I 28 29 824.863 0. 186 153.425 9 

l.+511 0.883 15.326 0.883 15.305 13.5 14 1.00 1 28 29 753.562 0.186 140. 163 9 

150'i 0.875 15.282 0.875 15.256 13.352 1.002 29 29 717.387 0 .186 133.43398 10 

1520 0 .83 15.33 1 0.83 15.3 11 12.71 1.001 29 29 713 . 123 0.186 132.641 9 

l:'i.l 'i 0.808 15.183 0.808 15.16 12.249 1.002 29 29 762.949 0.186 141.909 8 

1550 0 .737 14.805 0.737 14.799 10.903 I 19 29 717.648 0.186 133.483 8 

1(10) 0.7 14.505 0.7 14.488 10. 146 1.00 1 18 29 613.079 0. 186 114.033 8 

I (120 0.(i(i9 14.253 0.669 14.11 7 9.449 1.01 21 29 6 12.31 0. 186 113.890 8 

i\V ER l\GE 0.828 15.090 0.828 15.040 12.656 1.004 27 28 775.602 0. 186 144.26199 8.2 

1-V fit data for a clean module compiled taken on l t 11-Dec-2012. 

Ti111L· lsc(i\) Voe(\/) !max(/\) Vmax(V) Pmax(W) FF ModT AmbT !rd Arca A*l EFF 

11211 ll.2(i2 15.458 0.2 11 11 .128 2.344 0.579 25 25 46 1. 4 1 0. 186 85 .822 2 

11.\'i 0 .789 18.366 0.552 13.267 7.328 0.506 27 27 229.983 0 . 186 42.777 17 

11511 0.8(1-l 17.341 0637 12.384 7.895 0.527 26 27 882.005 0. 186 164.053 4 

12115 0.9 16 17.65 0.61 12.384 7.555 0.467 27 27 941.759 0. 186 175. 1(17 4 

1220 0.981 2 1.597 0.503 12.961 6.52 0308 28 28 873.724 0. 186 162.513 4 

I :!~5 1.034 21.615 0.532 13.583 7.225 0.323 27 28 874.579 0. 186 162.672 4 
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13115 1.034 2 1. (il 5 0.532 13.583 7.225 0.323 29 29 960.778 0.186 178.705 4 

1.1211 0.98 1 2 1.597 0.503 12.961 6.52 0.308 29 29 881.785 0. 186 164.012 3 

1.1.15 0.942 19.495 0.718 13.651 9.799 0.533 29 29 78 1.488 0.186 145.357 6 

I 350 1.021 19.215 0 .669 12.93 8.653 0.441 4 29 886.6 19 0. 186 164.9 11 ) 

1405 1.073 20.195 0.707 13.723 9.7 0.447 29 29 886.97 0.186 164.976 5 

1420 0.969 19.666 0.627 13 .2 18 8. 287 0.435 29 28 836.021 0.186 155.500 5 

1435 0.943 19.9 16 0.605 13.398 8. 1 0.431 28 29 824.863 0.186 153.425 5 

14511 0.89 19.609 0.565 13. 109 7.406 0.424 28 29 753.562 0.186 140. 163 5 

1505 0.89 19.609 0.565 13.109 7.406 0.424 29 29 717.387 0 .186 133.434 5 

1520 0.813 19.533 0 .555 13.761 7.637 0.48 1 29 29 7 13.123 0.186 132.641 5 

15.15 0.8 13 19.533 0.555 13.76 1 7.637 0.481 29 29 762.949 0. 186 141.909 5 

1550 0.76 1 21. 148 0.46 15.223 6.997 0.435 19 29 7 17.648 0. 186 133.483 5 

IW5 0 .708 19.314 0.496 13.644 6.768 0.495 18 29 6 13.079 0. 186 11 4.033 5 

IC.211 0.(155 19.592 0.5 14.149 7.075 0.551 2 1 29 612.3 1 0 I 8(1 11 3.890 (1 

1\ VERAGE 0.867 19.(103 0 .555 13.296 7.404 0.446 26 28 760.602 0.186 141.472 5.2 

Measured data for a shaded module compiled taken on 13 111-Dec-2012. 

TilllL' lsc(A) Voe(\/) lma x(A) Yrnax(V) Pmax(W) FF ModT /\ rnbT lrtl Area /\*I EFF 

ll lll'J 0. 10(1 3.978 0. 106 3.977 0.422 I 27 26 354 0.186 65.844 () 

111.W 0. 121 5.3 11 0 .104 5.31 0.554 1.1 62 26 2(1 352 0. 186 65 .472 0 

11 154 Cl.I:; 5.452 0 .109 5.393 0.588 1.206 27 26 260 0 . 186 48.36 I 

1111'! 0. 117 4.59 1 o.t 11 4.588 0.537 1.001 27 26 336 0.186 62.496 0 

1124 0 .0'!7 3.24 0.097 3.231 0.314 1.003 27 28 382 0. 186 71 .052 0 

I I 3'J 0 .073 2.476 0.073 2.476 0.181 I 27 26 368 0.186 68.448 0 

I 15.J 0.088 3. 149 0.087 3.098 0.269 1.035 26 '.!(1 253 0. 186 47 .058 0 

1\\IER i\G E 0. 105 4.028 0.099 4.0 10 0 .409 1.058 27 26 329.286 0.186 6 1.247 0.1 

... 
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f-V fit data for a shaded module compiled taken on 13111-Dec-201 2. 

Time lsc(A) Voc(V) l max(A) V max(V) Pmax(W) FF ModT AmbT lrd Area A * I EFF 

l llll'J 0. 158 4.726 0. 12 1 3.384 0.4 1 0.55 27 26 354 0 .1 86 65.844 0 

10.1'J 0. 13 1 (>. 156 0. 109 4.665 0.507 0.629 26 26 352 0. 186 65.472 0 

1115-1 0. 131 7.962 0. 112 6.253 0.7 0.67 1 27 26 260 0. 186 48.36 I 

1111'! 11. 131 7.%2 0.1 12 6.253 0.7 0.67 1 27 26 336 0. 186 62.496 I 

112-1 0. 105 7.763 0.089 6.045 0.536 0.658 27 28 382 0.1 86 7 1.052 0 

11 3'! 0. 105 7.763 0.089 6.045 0 .536 0 .658 27 26 368 0. 186 68.448 () 

115-1 11.1179 7.504 0.065 5.80 1 0.378 0.64 1 26 26 253 0. 186 47 .058 () 

,\ VEl1AGE 0 .12 7. 11 9 0. 100 5.492 0.538 0.640 27 26 329.286 0. 186 6 1.247 0.3 

Measured data for a shaded module compiled taken on l i 11-Dec-201 2. 

T i1 m: lsc(A) Voc(V) lmax(A) Vmax(V) Pmax( W) FF ModT AmbT lrd Arca A * I EFF 

()54 11.018 0.045 0.043 0.09 0.004 0.209 23 24 167.803 0.186 31.2 11 0 

11111') 0.02(1 0.03 0.006 0.046 0 0.998 23 26 104.458 0.186 19.429 0 

102-1 0.02(1 0.054 0.009 0.068 0.001 0 .. 38 25 26 109.8 14 0. 186 20.425 0 

1o:w 0.02'! 11.(14') 0 .0 13 0.065 0.00 1 0.58 1 26 26 172.957 0. 186 32. 170 0 

1115-1 O.D3J 0.012 0.025 0.0 12 0 1.272 25 26 178.639 0.186 H227 () 

11119 0.05 O.D38 0 0.099 0 0.947 30 28 69. 28 0.186 12.886 0 

112-1 ll .02(1 O.ll75 0.002 1.826 0.003 0.563 34 34 99.548 0. 186 18.516 0 

11.W 0.007 0.058 0.002 2.585 0.005 -0.079 32 33 85.958 0. 18(1 15.988 0 

11 5-1 0.054 0.013 0.009 0.087 0.001 0.905 3 1 29 124.935 0.18(1 23.238 0 

125-1 11.lllU ll. 106 (l.0 12 3.074 0.036 0.008 30 :m 82.6 16 0. 186 15.367 0 

! JtJ!J 0.02-1 0.029 0.009 0.029 0 0.775 29 29 73.409 0.186 13.654 0 

I J2 -I 0.002 0.061 0.0 13 2.503 0.033 0.003 30 29 40.509 0 .186 7 .535 0 

11:w ll.01 -1 ll.051 0.026 3.085 0.079 0.009 28 28 65.483 0.186 12. 180 0 

1354 0.0 1 0.039 0.0 19 3.527 0.065 0.006 28 28 72.766 0. 186 13.534 0 

1-111') 0.02 1 0.028 0.012 0 .029 0 1.723 28 28 50.05 1 0. 186 9 .3095 0 

AV ER 1\G E 0.0 19 0.046 0.007 1.1 42 0.0 15 8.535 28 28 99.882 0. 186 18.578 0 
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1-V fit data for a shaded module compiled taken on 17t11-Dec-2012 . 

Timt.: lsc(A) Voe(\/) lma x(A) \/max(\/) Pmax(W) FF ModT AmbT lrd Are a A* I EFF 

'!5-l () 0 0 0 0 NaN 23 24 167.803 0.186 31.211 0 

JlllJI) 0 ll 0 0 0 NaN 23 26 104.458 0. 186 19.429 0 

1112-l ll () 0 0 0 NaN 25 26 109.814 0.186 20.425 () 

JOJ<J 0 () 0 0 0 NaN 26 26 172.957 0.186 32.170 () 

105-l 0 0 0 0 0 NaN 25 26 178.639 0. 186 D.227 0 

11111) () 0 0 0 0 NaN 30 28 69.280 0. 186 12. 886 0 

112-l 0.02(i 3.206 0.0 18 2.109 0.037 0.444 34 34 99.548 0. 186 18.516 0 

llW 0 () 0 0 0 NaN 32 33 85 .958 0.186 15.988 0 

11 5-l 0.052 3.856 O.Q38 2.638 0.101 05 31 29 124.935 0.186 23 .238 0 

125-l 0 0 () 0 0 NaN 30 30 82.6 16 0 .18(i 15.367 0 

13(1'} 0 () 0 0 0 NaN 29 29 73.409 0. 186 13.654 0 

1 32~ 0 0 0 0 0 NaN 30 29 -l0.509 0. 186 7.535 () 

J .\JIJ 0 0 0 0 0 NaN 28 28 65.483 0.186 12. 180 0 

135-l () () () 0 0 NaN 28 28 72.766 0 . 186 13 .534 0 

1-lll'J 0 I) () 0 0 NaN 28 28 50.051 0.186 9.309 0 

,\ Vt:Ri\CiE 0.005 0.471 Cl.004 0.316 0.009 0.472 28 28 99.882 0. 186 18.578 () 

Measured data for a shaded module compiled taken on 19111-Dec-2013 . 

Ti11K· lsc(i\) Voe(\/) I max( A) \/max(\/) Pmax(W) FF ModT A mbT lrd Area A*I EFF 

1115(1 ll.111JX 2.571 2.549 2.549 0.244 1.032 25 25 59.86 0 . 186 11.1 34 2 

1111 0.092 2.11 6 2. 109 2. 109 0 .184 1.061 28 26 57.806 0 . 186 10.752 I 

I 12(i ll . I Ll 2.774 2.758 2.758 0.306 1.021 25 26 46. 128 0.186 8.580 3 

121 1 0. 13-l 3.284 3.2 18 3.218 0.425 1.034 27 26 159.2 14 0. 186 29.(il4 I 

12 ~(1 0. 155 3.6-18 3.609 3.609 0.547 1.035 26 26 165 964 0 . 186 30.869 I 

12-l I 0. 174 4.204 4.173 4.173 0.679 1.077 28 27 132.455 0 . 186 24.(i:17 2 

1:!5(l 11. 1-12 2.907 2.897 2.897 0.397 1.036 28 27 153.98 0.186 28.(i40 I 

1.1 11 0. 11 8 2.261 2.246 2.246 0.257 1.038 26 27 78.452 0.18(J 14.592 I 
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1\\IERAGE 0. 12825 2.970625 2.944875 2.944875 0.379875 1.04175 27 26 106.73238 0. 18(> 19.852 1.5 

1-V fi t data for a sh aded module compiled taken on 19t11-Dec-2012 . 

Ti rm: lsc{i\) Voc(V) I max(/\) Vmax(V) Pmax(W) FF ModT AmbT !rd Arca A* I EFF 

105(> 0. 105 4.27 0.075 2.933 0.22 1 0.49 1 25 25 59.8(> 0. 186 11.1 34 I 

11 11 0.079 3.967 0.055 2.657 0.145 0.462 28 26 57.806 0. 186 10.752 I 

112(> ll. 105 4.554 0 .079 3.262 0.258 0.54 25 26 46. 128 0. 186 8 580 3 

12 11 0. 13 1 -1.758 0.102 3.432 0 349 0.558 27 26 159.2 14 0.186 29.(>14 I 

122(1 0. 158 4.923 0.123 3.602 0 .445 0.573 26 26 165.964 0.186 30.869 I 

12.J I 0. 157 7.561 0. 137 5.923 0.8 13 0.685 28 27 I 3'.?..455 0. 186 24.637 3 

12)(1 0.13 1 7.-105 0. 11 3 5.786 0.656 0.677 '.?.8 27 153.98 0. 186 '.?.8.640 2 

1311 0. 13 1 4.68 0.103 3.398 0.349 0.568 26 27 78.452 0. 186 14 .592 2 

1\ VERAGE 0. 125 5.265 0 .098 3.874 0.405 0.569 27 26 106.73'.?. 0 . 186 19.852 2 

Measured data for a dusted module compiled taken on 20t11-Dec-2012. 

Tim~ lsc(A) Voc(V) lmax(A) Vmax(V) Pmax(W) FF ModT AmbT lrcl An:a A *I EFF 

11121 0.63.J 14 .1 02 0 .634 14.032 8.902 1.005 9 24 8 10.%6 0 . 186 150.840 5 

103(1 0 .674 14.35 0.674 14.3 11 9.648 1.003 23 24 816.9 0.186 15 1.943 6 

105 1 ONJ.! 14.212 0.694 14.206 9.858 I 25 24 858.405 0. 186 159.(163 (1 

110(1 0.70.! 14.173 0.704 14.072 9.901 1.007 24 25 854. 193 0 .1 86 158 880 6 

11 21 0.75 14.457 0 .75 14.424 10.8 18 1.002 25 '.?.5. 872.062 0. 186 162.204 6 

l l .1Ci ll .782 14.57 1 0.782 14.506 11.348 1.005 25 25 912.582 0. 186 169.740 (1 

11 51 0.787 14.405 0.787 14.326 11.277 1.006 26 26 9 13.087 0. 186 169.834 6 

1206 0 .806 l.!.635 0.806 14.635 11.797 I 26 26 932.63 1 0. 186 173.469 6 

12:! 1 0.8 11 14.Ci1 5 0.8 11 14.547 11.794 1.005 3 2(> 945.068 0. 186 175.783 6 

121<1 0.8.!4 15.248 0.844 15. 158 12.795 1.006 8 26 937.806 0.186 174.432 7 

1251 0.853 14.977 0.853 14.89 12.699 1.006 9 27 940.509 0. 186 174.935 7 

1.111(1 0.8:13 14.75 0.833 14.686 l '.?. .234 1.004 8 27 94'.?..'.?.68 0.186 175.26'.?. 6 

1.121 0.853 14 513 0.849 14.5 11 12.3 14 1.005 8 27 925.442 0.186 172. 13'.?. 7 
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i:nr, 0.842 14.4 15 0.842 14.374 12.098 1.003 6 27 899.327 0. 186 167.275 7 

135 1 0.84(> 14.54 0.846 14.536 12.299 1 13 28 900.595 0. 186 167.51 1 7 

14(1(, 0.8:16 14.768 0.836 14.76 12.344 1.001 10 29 877.843 0. 186 163 .279 7 

1-12 1 0.795 14.5 17 0.795 14.5 15 11.546 1 20 29 887.499 0. 186 165.0748 6 

1-13(> 0.809 14.63 0.809 14.523 11.744 1.007 29 29 883.407 0. 186 164.314 7 

1-15 1 0.803 14.626 0.803 14.568 11.703 1.004 27 29 757 .643 0. 186 140.922 8 

l :'i()C. 0.7-15 14.456 0.745 14.38 1 10.7 19 1.005 16 28 728.926 0 .186 135.580 7 

152 1 0.732 14. 11 8 0.732 14.084 10.305 1.002 20 29 656.(>75 0. 186 122.14 1 8 

153(1 0.785 1-1.244 0.785 14.162 11. 113 1.006 12 29 627.352 0. 186 11 6.688 9 

155 1 0.79 1-1. 104 0.79 14.008 11.072 1.007 22 30 584.639 0. 186 108.743 10 

I WC> 0.78 13.84 0.78 13.723 10.704 1.009 3 1 31 497.963 0. 186 92.62 1 II 

t\ VER t\GE 0.783 14.469 0.783 14.4 14 11.293 1.004 18 27 83 1.825 0 . 186 154.719 7 

1-V fit data for a dusted module compiled taken on 20111-Dec-2012 . 

Ti111l! lsc(1\) Voc(V) I max( A) Vmax(V) Pmax(W) FF ModT AmbT lrd Arca A* I EFF 

102 1 0.(1-12 I 8.085 0.375 13 .189 4.952 0.426 9 24 8 10.966 0.186 150.840 3 

IOJ(> 0.M>-1 16.327 0.47 1 12.87 6.06 1 0.559 23 24 816.9 0. 186 151.943 3 

105 1 0.(195 l(>.077 0.444 12.298 5.458 0.488 25 24 858.405 0. 186 159.663 3 

110(, 0.685 l (>. 148 0.437 12. 469 5.45 1 0.493 24 25 854. 193 0. 186 158.880 3 

I 12 1 0.738 16.12 1 0. -177 12.268 5.85 0.492 25 25 872.062 0.186 162.204 3 

11 3(1 0.7(>-I l (>.20 1 0.499 12.384 6. 178 0.499 25 25 9 12.582 0. 186 169.740 3 

I 151 0.791 16.053 0.514 12.065 6.202 0.489 26 26 9 I 3.087 0 186 169.834 3 

12or, 0 .79 1 16.053 0.5 14 12.065 6.202 0.489 26 26 932.63 1 0. 186 173.469 3 

122 1 0.79 1 16 053 0.5 14 12.065 6.202 0.489 3 2(> 945.068 0. 186 175.783 3 

12:11, 0.8 17 17.557 0.538 13.154 7.072 0.493 8 26 937.806 0. 186 174.432 4 

125 I 0 .8-1 17.396 0.558 12.7 15 7.09 0.485 9 27 940.509 0. 186 174.935 4 

1.10(, O.X 17 17.28 1 0.534 12.324 6.58 0.4(>6 8 27 942.2(>8 0. 186 175.262 3 ,. 

132 1 0.8 17 17.37 0 .5.l3 12.324 6.572 0.463 8 27 925.442 0. 186 172. 132 3 

1.13(> 0.8 17 17.37 0.533 12.324 6.572 0.463 6 27 899.327 0. 186 I 67.275 3 
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J:\)J 0.817 17.37 0.533 12.324 6.572 0.463 13 28 900.595 0.186 167.5 1 I 3 

1-lllli 11 .8 17 17.37 0.533 12 .324 6.572 0.463 JO 29 877.843 0.186 163.279 4 

1-121 0 .79 17.248 0.512 12.208 6.246 0.458 20 29 887.499 0.186 I 65.075 3 

l-l.1<1 0.843 17.525 0.554 12.5 11 6.929 0.469 29 29 883.407 0 . 186 164.314 4 

1-15 1 0.8 17 17.409 0 .534 12.36 6.598 0.464 27 29 757.643 0.186 140.922 4 

151)(, 0.736 I 7.525 0 .5 14 12.713 6.536 0.507 16 28 728.926 0. 186 I 35.580 4 

15'.'.I 0.736 17.525 0.5 14 12.713 6.536 0.507 20 29 656.675 0.186 122. 142 5 

15.Hl 11.8 15 17.85-l 0.581 13.025 7.563 0.52 12 29 627 .352 0. 186 I 16.(i87 6 

155 1 0.8 15 17.85-l 0.58 1 13.025 7.563 0 .52 22 30 584.639 0.1 86 108.743 6 

l lill(i 0.815 18.90.1 0577 13.888 8.018 0.52 3 1 31 497 .'!63 0.186 92.62 1 8 

1\ VER 1\GE 11.78 17. I I I 0.5 J(i l'.'. .567 6.482 0.487 18 27 83 1.825 0. 18(> 154.7 19 3.8 

Measured data for a dusted module compiled taken on 21 51-Dec-2012. 

Ti111~ lsc(i\) Voe(\/) I ma x( A) \/max(\/) Pma x(W) FF ModT AmbT lrd Arca A * I EFF 

111 .111 0.06 0.076 0.091 4.069 0.369 0.012 24 25 739.3(i 0. 186 137.52096 0 

11145 0.1163 0.104 0.092 4.302 0.398 0.0 16 25 25 817.768 0 . 186 15'.'..105 0 

111111 0 .0(> 0. 198 0.09 4.47 1 0.404 0.029 19 26 820.035 0 .186 152.527 0 

I I 15 0.063 0. 125 0.0% 4.665 0.446 0.0 18 26 25 542. 129 0 . 186 100.83599 0 

)J:\11 0.0(>5 0.23 1 0.1 4.932 0 .496 0.03 26 26 824.927 0.186 153.436 0 

11-15 O.O(i -1 0.'.245 0.099 4 .944 0.49 0.032 26 26 874.945 0. 186 162.740 0 

121111 0.058 0 .129 0.093 5.064 0.473 0.016 26 26 619 0.1 86 I 15. 134 0 

I 215 0 .11'.l'.'. 0. 1'14 0.05'.'. 4.348 0.225 0.019 13 27 334 0 . 18(> 62. 124 0 

1230 0.035 0.324 o.or,s 4.4 19 0.289 0.039 26 27 874.25 0. 186 162.6 1 I 0 

I '.'.-15 0.0-12 0 .224 0.076 4.485 0.342 0.027 27 27 884.74 1 0. 186 164.562 0 

1315 O.IJ-1 0 .'.'.89 0.075 4 .54 0.342 0 .034 28 '.'.8 'J05.872 0 . 186 168.492 0 

13.lO O.OJ5 0.'.25(> 0.067 4.5 13 0.30 1 0 .03 28 28 902.37 0. 186 167 .84 1 0 

1.1 -15 IJ.022 0.'.'.8(> 0.056 4.462 0.251 0.025 28 29 863.407 0 . 186 160 .594 0 

1-l(JI) 0.013 0.'.'.49 0.043 4.385 0.191 0.0 17 29 29 864. 163 0. 18(> 160.734 0 

1-1 15 0.0'.'.3 0.'.'.:?.8 0.054 4.386 0.238 0.02::?. 29 :?.9 848.55 1 0. 186 157.830 0 

' 
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1-1.10 0.018 0. 184 0.05 1 4. 135 0.209 0.0 16 29 29 826.625 0. 186 153.752 0 

1-1-15 0.054 (J.004 0.044 0.004 0 1.2 15 24 29 802.494 0. 186 149.264 0 

I 5llll 0.0 12 0. 183 0.05 1 3.6 1 0 .185 0.0 12 28 29 12 1. 4 11 0. 186 22.582 0 

1\ VERAGE 0.036 0.196 0.0(17 4.207 0.3 14 0.089 26 27 748. 114 0. 186 139.149 0 

1-V fit data for a dusted module compiled taken on 21 51-Dec-201 2. 

Time lsc(i\) Voe(\/) lmax(i\) Vmax(V) Pmax(W) FF ModT AmbT !rd A rea A*l Ef'F 

10:10 () 0 () 0 0 NaN 24 25 739.36 0.186 137.52096 0 

10-15 0 () 0 0 0 NaN 25 25 817.7(18 0. 186 152 105 0 

11011 II 0 0 0 0 NaN 19 26 820.035 0. 186 152.527 0 

11 15 0 0 0 0 0 NaN 26 25 542.129 0. 186 100.836 0 

11 .10 0 0 0 0 0 NaN 26 26 824.927 0. 186 153.43(> 0 

11-1 5 () () 0 0 0 NaN 26 26 874.945 0. 186 162.740 0 

12011 () 0 0 0 0 NaN 26 26 0.(>19 0. 186 0. 11 5 0 

1215 0 0 0 0 0 NaN 13 27 0.334 0.186 0.062 0 

1 ·2:;11 II () 0 0 0 NaN 26 27 874.25 0. 18(> 162.6 11 0 

12-15 0 0 0 0 0 NaN 27 27 884.74 1 0.186 164.562 0 

I.\ 15 0 () 0 0 0 NaN 28 28 905.872 0. 186 168.492 0 

1.1.J() 0 0 0 0 0 NaN 28 28 902.37 0. 186 167.84 1 0 

1.1-15 0 () 0 0 0 NaN 28 29 863.407 0. 186 I (10.594 0 

1-lllll () 0 0 0 0 NaN 29 29 864.163 0.186 160.734 0 

1-115 u () 0 u 0 NaN 29 29 8-18.55 1 0.186 157.830 0 

l -l .1 11 0 () () 0 0 NaN 29 29 826 (125 0 .18(> 1 ~3.752 () 

l-l -15 0.02(> 0.822 0 .0 16 0.474 0.007 0.34 24 29 802.494 0. 186 149.264 () 

1511ll 0 0 u 0 0 NaN 28 29 12 1.41 1 0. 186 22.582 0 

1\ VERAGE 0.00 1 0.0-16 0.00 1 0.026 0.000 0.34 26 27 695.222 0. 186 129.3 11 0 
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APPENDIX D 

1-VDATA 

1-V data for a clear CIGS solar module 

v I v I v I v I v I v I v I 

-0 .11-13 0.868 1.-164 0.848 3.006 0.828 4.548 0.807 6.09 0.784 7.63 0.758 9.17 0.729 

-11.11117 0.867 1.5 0848 3.042 0.827 4.584 0.806 6. 125 0.783 7.666 0 .757 9.206 0.728 

0.02lJ 0.867 1.536 0.847 3.078 0.827 4.62 0.805 6.161 0.782 7.702 0.757 9.242 0 .727 

(J.0(1.'i 0.8Ci6 1.57 1 0.847 3.114 0.826 4.656 0.805 6.197 0.782 7.738 0.75(i 9.277 0 .726 

(J.111 1 0.8(i6 Ui07 0 .846 3. 15 0.826 4.69 1 0.804 6.233 0.78 1 7.774 0.755 9.3 13 0.726 

0.1.17 0.8(i5 1.643 0.846 3.185 0.825 4.727 0.804 6.269 0.78 1 7.809 0.755 9.349 0.725 

0. 172 0.8(i5 1.679 0 .845 3.221 0.825 4.763 0.803 6.305 0.78 7.845 0.754 9.385 0.724 

11.208 0.8(i4 1.715 0.845 3.257 0.825 4.799 0.803 6.34 0.78 7.881 0.754 9.42 0.723 

0 .2-14 0.864 1.75 1 0.845 3.293 0.824 4.835 0.802 6.376 0.779 7.917 0.753 9.456 0 .722 

0.28 11.sr,3 1.787 0.84-1 3.329 0.824 4.871 0.802 6.4 12 0.778 7.953 0.752 9.492 0.722 

IUl<i 11.86.l 1.823 0 .844 3.365 0.823 4.907 0.80 1 6.448 0 .778 7.988 0 .752 9.528 0 .72 1 

0 . .1 . .:;:2 0.8(J3 1.858 0.843 3.401 0.823 4.942 0.80 1 6.484 0.777 8.024 0.751 9.564 0.72 

0 .. 188 0.8h2 1.894 0 .843 3.436 0.822 4.978 0.8 6.5'.?. 0.777 8.06 0.75 9.599 0.7 19 

0.-12-1 0.8ri2 1.93 0.842 3.472 0.822 5.0 14 0.8 6.555 0 .776 8.096 0.75 9.635 0 .719 

0.-159 0.861 1.966 0.842 3.508 0.821 5.05 0.799 6.591 0 .776 8. 132 0 .749 9.67 1 0 .7 18 

O.-l'J5 0.8(11 2.002 0.841 3.544 0.821 5.086 0.799 6.627 0.775 8. 168 0.748 9 .707 0.7 17 

0.5.l 1 0.8(1 2.038 0.841 3.58 0.82 5. 122 0.798 6.663 0 .774 8.203 0.748 9.742 0.7 i (J 

0.:\(17 0.8(i 2.07-1 0.84 3.616 0.82 5.158 0.798 6.699 0.774 8.239 0.747 9 .778 0.7 15 

l).(1113 11 .85 ') 2. IOIJ 0.84 3.652 0.819 5. 193 0.797 6.735 0.773 8.275 0.746 9.8 14 0 .7 15 

ll.(1.11J 11.859 2.1 -15 0.839 3 687 0.819 5.229 0.797 6.77 0.773 8.3 11 0.746 9.85 0.714 

0.(i75 0.858 2. 18 1 0.839 .l.723 0.8 18 5.265 0.796 6.806 0.772 8.347 0.745 9.886 0.713 

11.7 11 0.858 2.217 0.838 3.759 0.8 18 5.30 1 0.796 6.842 0.77 1 8.382 0 .744 9.92 1 0 .712 

0 .7-1(1 0.857 2.2.'i3 0.838 3.795 0.8 17 5.337 0.795 6.878 0.771 8.418 0 .744 9.957 0.7 11 

11 .782 11.857 2.289 0.837 3.83 1 0.817 5.373 0.794 6.9 14 0.77 8.454 0.743 9.993 0.71 

!I.XIX 11 .857 2.325 0.837 3.867 0.816 5.408 0.794 6.95 0 .77 8.49 0 .742 10 .029 0 .71 
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11.X:i-I ll .85(1 2.36 1 0.837 3.903 0.816 5.444 0.793 6.985 0.769 8.526 0.74 1 10.064 0 .709 

11.X'J 0.856 2.396 0.83(1 3.938 0.815 5.48 0.793 7.02 1 0.768 8.56 1 0.74 1 JO.I 0.708 

()_<J2(1 0.855 2.432 0.836 3.974 0.815 5.516 0.792 7.057 0.768 8.597 0.74 10. 136 0 .707 

o.1J(1:! ll.855 2.4(18 0.835 4.0 1 0.8 14 5.552 0.792 7.093 0.767 8.633 0.739 10. 172 0 .706 

11.<J<JS 0.8)-1 2.504 0.835 4.046 0.8 14 5.588 0.79 1 7. 129 0.767 8.669 0.739 10.207 0.705 

1.1133 0.854 2.54 0.834 4.082 0.813 5.624 0.79 1 7. 165 0.766 8.705 0.738 10.243 0.705 

1.11(1') 0.8:>3 2.576 0.834 4. 11 8 0 .8 13 5.659 0.79 7.2 0.765 8.74 0.737 10.279 0 704 

I 1115 0.853 2.6 12 0.833 4.154 0.8 12 5.695 0.79 7.236 0.765 8.776 0. 737 10 .3 15 0 .703 

I 1-11 0.852 2.647 0.833 4.189 0 .8 12 5.73 1 0.789 7.272 0.764 8.8 12 0.7 36 10 .35 0.702 

I 177 0.852 2.(183 0.832 4.225 0.8 11 5.767 0. 789 7.308 0.764 8.848 0.735 10.386 0.70 1 

1.21.1 0.852 2.7 l'J 0.832 4.26 1 0.8 11 5.803 0. 788 7.344 0.763 8.884 0.734 10.422 0. 7 

1.2-l'J 0.85 1 2.755 0.83 1 4.297 0.8 1 5.839 0. 787 7.38 0. 762 8.9 19 0. 734 10.458 0.699 

1.28-1 0.85 1 2.79 1 0.83 1 4.333 0.8 1 5.874 0. 787 7.4 15 0.762 8.955 0.733 10.493 0.698 

I .J'.2 0.8:> 2.827 0.83 4.3(19 0 .809 5.9 1 0.786 7.45 1 0.76 1 8.991 0.732 10.529 0.698 

111.7-1-1 0.(192 12.279 Q.(146 13.8 1 0.586 15.369 0.498 16.9 17 0.37 1 18.447 0. 179 

\ll.77'J 0.(i9 \ 12.314 0.645 13.845 0.584 15.404 0.496 16.952 0.367 18.481 0. 174 

111.X 15 IU1tJ 12.35 0.(1-14 13.88 1 0.582 15.44 0.494 16.987 0.3M 18.5 16 0. 168 

l!J.X5\ 0.(189 12.386 0.(143 D .9 16 0.58 1 15.475 0.49 1 17.022 0 .36 18.55 0. 163 

l11.X87 0.(188 12.42 1 0.642 13.952 0.579 15.51 0.489 17.057 0.356 18.584 0. 157 

l ll .'J22 0.(187 12.-157 0.6-1 13.987 0.577 15.545 0.486 17.092 0.353 18.6 19 0. 15 1 

10 .958 0.68(1 12.493 0.(139 14.023 0.575 15.58 1 0484 17. 127 0.349 18.653 0. \4(1 

10.')9-I 0.(185 12.528 0.638 14.058 0.5_74 15.6 16 0.48 1 17. 162 0 345 18.688 0.14 

I 1.113 ll.(1X-I 12.5(>4 0.(137 14 .094 0.572 15.65 1 0.479 17. 197 0.342 18.722 0. 134 

11 .11(15 0.(183 12.(1 0.635 14. 129 0.57 15.687 0.476 17.23 1 0.338 18.75(1 0.\29 

II IOI ll .(182 12.(135 0.634 14. 165 0.568 15.722 0.474 17.266 0.334 18.79 1 0. 123 

I I 1.17 0.<18 I 12.(171 0.(133 14.2 0.567 15 .757 0.47 1 17.30 1 !U3 18.825 0. 11 7 

11.172 0.(18 l'.!.706 0.631 14.236 0.565 15.792 0.468 17.336 0.32(1 18.859 0. 111 

11 .208 0.(179 12.742 063 14.271 0.563 15.828 0.466 17.37 1 0.322 18.894 0.105 

11.2-1-1 0.(178 12.778 0.629 14.307 0.561 15 863 0.463 17.406 0.3 18 18.928 0.099 

I I .2X 0.(177 12.813 0.(127 14.342 0.559 15.898 0.46 17.44 1 0.3 14 18.%2 0.092 
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IU15 0.676 12.849 0 .626 14.378 0.557 15.933 0.458 17.476 0.3 I 18.996 0.086 

11.15 1 0.(175 12.885 0.625 14.413 0.556 15.969 0.455 17.511 0.306 19.031 0.08 

I 1..187 0.67-1 12.'!2 0.623 14.449 0.554 16.004 0.452 17.545 0.302 19.065 0.074 

11 .-122 0.(173 12.95(1 0.622 14.484 0.552 16.039 0.449 17.58 0.298 19.099 0.067 

11.-158 0.672 12.99 1 0.62 1 14.5 19 0.55 16.074 0.447 17.615 0.293 19. 133 0.061 

l i..J<).j 0.671 l 3.<127 0.619 14.555 0.548 16.109 0.444 17.65 0.289 19.1(17 0.054 

11 .5 29 il.(17 13.063 0.618 14.59 0.546 16.145 0.44 1 17.685 0.285 19.20 1 0.048 

11.5(15 o.r.r19 13.098 0.616 14.626 0.544 16. 18 0 .438 17.719 0.28 1 19.236 0.04 1 

I 1.(10 I 0.668 13. 134 0.615 14.66 1 0.542 16.215 0.435 17.754 0.276 19.27 0 .034 

11 .h.17 0.(167 1.1.169 0.6 13 14.697 0.54 16.25 0.432 17.789 0.272 19.304 0.027 

I l.(172 0.(1(1(1 13.205 0.(1 12 14.732 0.538 16.285 0. 429 17.824 0.267 19.338 0.02 

I 1.708 0 .(165 13.24 1 0.61 1 14.768 0.536 16.32 0.426 17.858 0.263 19.372 0.0 13 

11. 7-l -l 0.(1(1.l 13.276 ll .609 14.803 0.534 16.356 0.423 17.893 0.258 19.406 (1.006 

11.779 0.(163 13.312 0.608 14.838 0.532 16.39 1 0.42 17.928 0.254 19.44 -0.001 

I 1.815 0.6(12 13.347 0.606 14.874 0.53 16.426 0.417 17.962 0.249 19.474 -0.008 

11.85 1 O.Mi 13.383 0 .(105 14.909 0.528 16.46 1 0.4 14 17.997 0.244 

I I. XX<> <Hi59 IJ.419 0.(103 14.945 0.525 16.496 0.4 11 18.032 0.239 

! l .1)22 0.(158 13.-154 0.(102 14.98 0.523 16.53 1 0.408 18.066 0.235 

I I .1J.iH 0.(157 J.\ .-19 0.6 15.015 0.521 16.566 0.404 18. JOI 0.23 

11. 'J'l.1 (l.(15(1 13.525 0.598 15.05 1 0.519 16.60 1 0.40 1 18. 136 0.225 

12.029 0.(155 13.561 0.597 15.086 0.5 17 16.636 0.398 18. 17 0.22 

12.11(15 0.(15-1 13.5% 0.595 15 .12 1 0.5 14 16.672 0.395 18.205 0.2 15 

12. 1 0.(152 13.632 0 .594 15. 157 0.512 16.707 0.39 1 18.239 0.2 1 

12. 136 0.(15 1 13.667 0 .592 15. 192 0.5 1 16.742 0.388 18.274 0.205 

12. 172 0.(1.) 13.703 0.59 1 15.228 0.508 16.777 0.385 18.309 0.2 

12.207 11 .(i-l<J 13.739 0.589 15.263 0.505 16.8 12 0.38 1 18.343 0 .195 

1~ . ~-n 0.(1.!8 13 .774 0.587 15.298 0.503 16.882 0.374 18.378 0. 189 
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1-v data fo r a partially shaded CIGS solar module 

v I v I v I v I v I v I v I 

-0.0(i I O. IJI 1.162 O. L1 2.457 0.129 3.679 0. 127 4.899 0.124 6. 11 1 0.1 14 7.288 0.074 

-0.025 0.131 1. 198 0. 13 2.493 0.129 3.715 0.127 4.935 0.124 6. 147 0. 114 7.322 0.072 

,, 11.111 1 0.13 1 1.234 0. 13 2.529 0.129 3.751 0.127 4.971 0.124 6.182 0. 113 7.355 0.()7 

0.047 0. 131 1.27 013 2.5(i5 0 .129 3.787 0 .127 5.007 0.124 6.217 0.1 13 7.388 0.068 

0 .0:-0 0. 13 1 l.:lfl6 0.13 2.60 1 0. 129 3.823 0.127 5.043 0. 124 6.253 0. 112 7.421 0 .065 

ll. l l'J 0. 13 1 1.4 14 0 .13 2.637 0. 129 3.859 0. 127 5.079 0 .124 6.288 0. 11 1 7.454 0.062 

0. 155 0. 13 1 1.45 013 2.673 0 .129 3.895 0 .127 5. 114 0.123 6. 323 0.1 I I 7.487 0 .06 

0.1 1JI 0. 13 1 I .48(1 0. 13 2.709 0. 129 3.93 1 0. 127 5. 15 0.123 6.358 0.1 I 7.519 0.057 

0.227 0. 131 1.522 0 .13 2.745 0. 129 3.967 0.127 5. 186 0. 123 6.393 0.109 7.552 0.054 

0.2Ci3 11.131 1.558 0. 13 2.78 1 0. 129 4,003 0 .127 5.222 0.123 6.429 0. 108 7.584 0.05 1 

ll.'2')') 0. 131 1.594 0. 13 2.8 16 0. 129 4.038 0.127 5.257 0. 123 (i.464 0. 108 7.6 1 (l 0.047 

IU35 0.1.l l I .(13 0. 13 2.852 0. 129 4.074 0. 127 5.293 0. 122 6.499 0. 107 7.648 0.044 

11 .. 17 1 0. 131 l.(16(1 0. 13 2.888 0.129 4.1 I 0. 127 5.329 0. 122 6.534 0.106 7.68 0.04 

0.407 0. 13 1 1.702 0 . 13 2.924 0 .128 4.146 0.1 27 5.365 0.122 6.569 0.105 7.7 12 0.037 

11.44 .1 0. 13 1 1.738 0. 13 2.96 0 .128 4.182 0. 127 5.4 0.122 6.603 0.104 7.743 0.033 

0.4711 0. 13 1 1.774 0. 13 2.996 0. 128 4.2 18 0 .126 5.436 0.121 6.638 0.103 7.774 0.029 

0.515 0. 13 1 1. 8 1 0. 13 3.032 0. 128 4.254 0. 126 5.472 0 .121 (1.673 0. 102 7.805 0 .025 

11.551 0.13 1 1.84(1 0.13 3.068 0.128 4.29 0. 126 5.507 0.121 6.708 0. 101 7.836 O.G2 

0.587 0. 13 1 1.882 0. 129 3.104 0. 128 4.326 0. 126 5.543 0. 121 6.743 0.1 7.867 0.0 1(1 

0.(1'23 ll . 13 1 J.l) J8 ll. 129 3. 14 0. 128 4.362 0.126 5.579 0. 12 6.777 0.099 7.897 0.01 I 

11.(i5'J 0. 13 1.953 0. 129 3. 176 0.128 4.397 0. 126 5.6 14 0.12 6.8 12 0.098 7.927 0.006 

ll .(1lJ5 0. 13 1.989 0.129 3.2 12 0. 128 4.433 0 .126 5.65 0. 12 6.846 0.096 7.957 0.00 1 

11.?:ll 0 . I 3 2.025 0. 129 3.248 0.128 4.469 0. 126 5 686 0.1 19 6.88 1 0.095 7.987 -0.005 

0.7(i7 11. 1.l 2.06 1 0 . 129 3.284 0.128 4.505 0. 126 5.72 1 0. 1 JC) 6.9 15 0.094 8.0 16 -0.01 

0.80.1 0. IJ 2.097 0. 129 3 . .12 0. 128 4.54 1 0. 126 5.757 0.119 6.95 0.092 

0 .8.\ ') 0. 1 J 2.133 0.129 J .356 0. 128 4.577 0. 126 5.792 0.118 6.984 0.091 

0 .875 0. 13 2. l (i9 0 .129 J.392 0. 128 4.613 0. 125 5.828 0 .11 8 7.0 18 0.089 

' 
0.1!1 1 0. l.l 2.205 0.129 3.428 0 .128 4.649 0. 125 5.863 0.11 8 7.052 0.088 
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().'J-1(1 11. l :l 2.24 1 0. 129 3.464 0. 128 4 .684 0. 125 5.899 0.117 7.086 0.086 

ll .982 O. l:l 2.277 0. 129 :l .499 0.128 4.72 0. 125 5.934 0. 117 7.12 0.084 

1. 11 18 0. l :l 2.3 1) 0.1 29 :l.5:15 0. 128 4.756 0. 125 5.97 0. 11 6 7. 154 0.083 

_I .II _, -! 11. l :l 2.:149 0. 129 :l .57 1 0. 128 4.792 0.125 6.005 0. 11 6 7. 188 0.08 1 

l .lllJ ll . l:l 2 .. 185 0. 129 3.607 0.128 4 .828 0. 125 6.041 0. 11 5 7.22 1 0.079 

1. 12(1 0 . l :l 2.42 1 0.129 3.643 0 .128 4 864 0.125 6.076 0. 11 5 7.255 0.077 

I-V data for a completely shaded CIGS solar module 

\I I \I I v I v I v I v I 

-II.II-I I 0 .112(1 0 .(177 0.025 l.2 15 0.023 l.752 0.02 2.287 0.0 16 2.8 18 0.009 

-11.005 0.026 0.71] 0.025 1.25 1 0.023 l.788 0.02 2.323 0 .0 16 2.854 0.008 

11.1>:\ I 0.026 0.749 0 .024 1.287 0.02:1 l. 824 0.02 2.358 0.0 15 2.889 0.007 

0.0 (1 7 0.112(1 0 .785 0.024 1.323 0 .022 l. 859 O.Q2 2.394 0.01 5 2.924 0.007 

11.IO:l 0.026 0.82 1 0.024 1.358 0.022 1.895 0 .01 9 2.429 0.01 4 2.959 0.006 

11. 1:w 0.02(1 11.857 0.024 l.394 0.022 1.93 1 0.0 19 2.465 0.014 2.994 0 .005 

0. 175 11 .112(1 0.892 0.024 1.43 0.022 l.966 0.0 19 2.5 0.014 3.029 0.005 

11 .21 1 11.026 0.928 0.024 1.466 0.022 2.002 0. 01 9 2.536 0.01 3 3.064 0.004 

ll .2-1(1 1).()26 0.%4 0.024 1.502 0.022 2.038 0.0 18 2.571 0 0 13 3.099 o.oo:i 

tl.282 0 .02(1 I 0.024 l.5:17 0.02 1 2.073 0.0 18 2.606 0.0 12 3. 134 0.002 

IU IX 0.026 1.03(1 0.024 1.573 0 .021 2. 109 0.0 18 2.642 0.0 12 3. 169 0.00 1 

1U5-1 0 .025 I.On 0 .023 l. 609 0.02 1 2. 145 0.0 17 2.677 0.01 1 3.20-l 0 

ll .-1'1 0.1125 1.1 08 0.023 l.645 0 .02 1 2. 18 0 .0 17 2.7 13 0.0 11 3.2:19 -0.00 1 

ll.-12(1 0.025 1.1 43 0.023 1.68 1 0.02 1 2.2 16 0.0 17 2.748 0.01 3.274 -0.002 

ll .-1 (12 0.025 1.17'! 0 .023 1.716 0.02 2.25 1 0 .0 16 2.783 0.009 

1-V data fo r a thin dusted CIGS solar module 

\I I v I \I I v I v I \I I \I I 

-11.0-l 0.(1(14 1.06 0 .65 1 2. 16 0.638 3.26 0.624 4.36 0.6 11 . 5.46 0.597 6 .56 0.584 

-ll .llll5 ll N 14 1.11% 0 .(15 1 2.1 % 0 637 3.296 0.(124 4.3% 0.6 1 5.4% 0.597 (1.5% 0 .583 
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11 .11:;1 IJ .(16:; 1. 13 1 0.65 2.23 1 0 .637 3.331 0.623 4.43 1 0.6 1 5.53 1 0.597 6.63 1 0.583 

ll.0(11i 0.663 1.166 0.65 2.267 0.636 3.367 0.623 4.467 0.6 1 5.567 0.596 6.667 0.582 

11. 102 11 .663 1.202 0.649 2.302 0.636 3.402 0.623 4.502 0.609 5.602 0.596 6.702 0.582 

ll . 1.17 t).(1(12 1.237 O.c.49 2.338 0.636 3.438 0.622 4.538 0.609 5.638 0595 6.738 0.582 

II . 17.1 0.(1(12 1.273 0.M8 2.373 0.635 3.473 0.622 4.573 0.608 5.673 0.595 6.773 0.58 1 

0.208 0.6(11 1.308 0.648 2.409 0.635 3.509 0.62 1 4.609 0.608 5.709 0.594 6.809 0.58 1 

l l.~5 O.<ir1 1.45 0.646 2.55 1 0. 633 3.65 1 0.62 4.75 1 0.606 5.85 1 0.593 6.95 1 0.579 

il..18(1 0.65'1 1..18(1 0.6.16 2.586 0.633 3.686 0.6 19 4.786 0.606 5.886 0592 6.986 0.578 

0 . .1 2 1 0.(15'! 1.52 1 0.645 2.622 0.632 3.722 0.6 19 4.822 0.605 5.922 0.592 7.021 0.578 

11 . .157 0Ni8 1.557 0.M5 2.657 0.632 3.757 0 .6 18 4.857 0.(105 5.957 0 .59 1 7.057 0 .578 

ll . .J'J2 ll.(158 1.592 0.645 2.693 0.631 3.793 0.6 18 4.893 0.604 5.993 0.59 1 7.092 0.577 

O . :r~:) 0.(157 1.628 0.644 2.728 0.63 1 3.828 0.6 17 4.928 0.604 6.028 0.59 7. 128 0.577 

ll .)Ci3 ().(157 1.663 0.644 2.764 0.63 3.864 0.6 17 4.964 0.604 6.064 0.59 7. 163 0.576 

ll.5'J<J 0.(157 l .(199 0.643 2.799 0 .63 3.899 0.6 17 4.999 0.603 6.099 0.59 7. 199 0.576 

0.7.J l 0.(155 1.84 1 0.642 2.94 1 0.628 4.04 1 0.6 15 5. 14 1 0.60 1 6.24 1 0.588 7.341 0 .574 

ll.77(1 0.(154 1.87(1 0.M l 2.976 0.628 4.077 0.61 4 5. 177 0.60 1 (1.277 0.587 7.376 0.57 3 

II .X I 2 0.115.J 1.9 12 0.64 1 3.0 12 0.627 4. 11 2 0.6 14 5.2 12 0.6 6.312 0.587 7.4 12 0.573 

11.8.17 0.(154 1.947 Q.(14 3.047 0.627 4. 148 0.6 14 5.248 0 .(1 (i.3 47 0.586 7.447 0.573 

11.xx:; 0.(153 1.983 0.64 3.083 0.626 4. 183 0.6 13 5.283 0.6 (1.383 0.586 7.482 0.572 

1.1125 tl.(15 1 2. 125 0.638 3.225 0.625 4.325 0.6 11 5.425 0.598 6.525 0.584 7.624 0.57 

1J.X5<1 II 53'J 111.949 0.52 1 12.037 0.497 13. 111 0.462 14. 16 0.404 15. 155 0.303 16.043 0. 111 

<J .X<JI O..'i:W 10.'185 0.52 12.072 0.496 13.146 0.46 14. 193 0.402 15. 18(1 0.298 16.069 0. 102 

tJ .'J.2(1 11.5:18 11.02 0.5 19 12.107 0.495 13. 18 0.459 14.226 0.4 15.2 16 0.29.J 16.095 0.093 

9.9(12 IJ .. 'i38 11.055 0.5 19 12. 142 0.494 13.21 4 0.457 14.259 0.397 15.247 0. 289 16. 12 0.084 

<J .<)1)7 11 .5:17 11.0'J 0.518 12.1 76 0.493 13.248 0.456 14.292 0.394 15.277 0.284 16. 145 O.D75 

111.11.12 0.5.17 11.1 25 0.5 17 12.2 11 0.492 13.283 0.454 14.325 0.392 15.307 0.279 16.17 0 .066 

111 .11118 0.536 11.l (il 0.5 17 12.246 0.49 1 13. 317 0.453 14.358 0.389 15.338 0.275 16. 195 0.05(1 

,, Ill. Ill:; 11.5.15 11.1 96 0.5 16 12.28 1 0.49 13.35 1 0.45 1 14.39 0.387 15.368 0.269 16.2 19 0.047 

111. 1.18 0.5.15 11.23 1 0.5 15 12.3 16 0.489 13.385 0.45 14.423 0. 384 15.397 0.2(14 16.244 0.037 

111. 17.J 0.53.J 11. 26(1 0 .5 14 12.35 1 0.488 13.419 0.448 14.456 0 .38 1 15.427 0.259 16.268 0 .027 
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I 11 .2119 () 5.1-1 IUOI 0.514 12.385 0.487 13.453 0.446 14.488 0.378 15.457 0 254 16.29 1 0.016 

111 .2-l-l 0.5.1.1 11 .336 0.513 12.4'.'. 0486 13.487 0.445 14.521 0 .375 15.486 0 248 16.3 15 0.00(> 

l11.27<J 0 . .5.1'2 11.371 0.512 12.455 0.485 13.52 1 0.443 14.553 0.372 15.516 0.243 16.338 -0.005 

111 .3 15 0 . 5~2 11.407 0.5 11 12.49 0.484 13.555 0.441 14.586 0 369 15.545 0.237 16. 361 -0.0 16 

Ill 35 11 .53 1 11.4-12 0.5 11 12.524 0.483 13.589 0 .44 14.6 18 0.366 15.57-l 0 .231 

111 . .185 0.5.11 11.J.77 051 12.559 0.482 13.623 0.438 14.65 0.363 15.603 0.225 

111.-121 0.53 11.512 0.509 12.594 0.48 13.657 0.436 14.682 0.36 15.632 0219 

ltl.-l _)(, 0 .53 11.5-17 0.508 12.6'.'.8 0.479 13.69 1 0.434 14.7 15 0 . .156 15.66 1 0.2 13 

111.-l'J I 0 .529 11 .582 0.508 12.663 0.478 13.725 0.432 14.747 0.353 15.689 0207 

I 0.527 ll528 I !.(>I 7 0.507 12.698 0.477 13.758 0.43 14.779 0 .35 15.7 17 0.2 

J() ,)(12 0.528 11.652 0.506 12.732 0.476 13.792 0.428 14.8 1 0.346 15.745 0 .193 

I 11 .5'J7 OS'.'.7 I Ui87 0.505 12.767 0.475 13.826 0.426 14.842 0.343 15.773 0. 187 

I {).(, _~ 2 0.526 11 .722 0.50-1 12.801 0.473 13.859 0.424 14.874 0 .339 15.80 1 0. 18 

I 11 .(,(,g 0.52(, 11.757 0.504 12836 0.472 13.893 0.422 14.905 0.335 15.829 0. 173 

111 .711_1 11 .525 11.7'!2 0.5113 12. 87 0.47 1 13.926 0.42 14.937 0.331 15.856 0. 166 

I 11 .7.18 0 .525 11 .827 0.502 12.905 0.47 13.96 0.4 18 14.968 0.328 15.884 0. 158 

111 773 0 .5 '.'.-l 11 .SCi'.'. 0 .501 12.939 0.468 13.993 0.416 15 0 324 15 9 11 0. 151 

111 .Xil'J 0 .523 11 .897 11.5 12.974 0.467 14.027 0.414 15.03 1 0.32 15.938 0 .143 

111.8-U 0.523 11.9.12 0 .-199 1.1.008 0.466 14.06 0 .41 1 15.062 0 .315 15.96-l 0.1 35 

111 87') 0.522 11.967 0.498 1.1 .0-13 0.464 14.093 0 .409 15.093 0.3 11 15.99 1 0. 127 

111.'!l-l 0 .52 1 12. 002 0.497 13.077 0.463 14. 126 0.407 15.124 0.307 16.0 17 0. 119 

1-V data for a thick dusted CIGS solar module 

\ ' I \I I \I I \I I \I I \I I 

-11.2-11 11.0 .1 -(l.02(> 0.027 0.188 0.023 0.402 0.01 8 0.58 0.0 12 0.757 0.004 

-0.2115 11.029 0.009 0.026 0.224 0.022 0.438 0.017 0.6 16 00 1 0.793 0.002 

II 11.029 0.0-15 0.02(> 0.26 0.02 1 0.474 0.016 0.65 1 0.009 0 828 0 

-11. 1.1-l ll .1128 11.081 0.025 0.295 O.D2 1 0.509 0.014 0.687 0.007 0.863 -0 .003 

-0.()()~ 0.028 II . I 17 0.024 0.33 1 0.02 0.545 0.013 0.722 0.006 0.898 -0.005 

-11. 11(12 0.027 0 .153 0.024 0.367 0.019 
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APPENDIX E 

NORMALIZED 1-V DATA 

\I I \I I \I I v I v I \I I v I 

II 1.030 1308 1.0 10 2.622 0.990 3.937 0.968 5.25 1 0.946 6.565 0.92 1 7.878 0.893 

().()29 1.o:io 1.343 1.010 2.658 0.988 3.972 0.967 5.287 0.944 6.600 0.920 7.91:1 0.893 

ll.011-I 1.029 1379 1.009 2.693 0.988 4.008 0.967 5.322 0.943 6.636 0.920 7.949 0.892 

ll . 100 1.0'.!9 1.415 1.009 2.729 0.987 4.044 0.966 5.357 0.943 6.672 0.918 7.984 0.89 1 

ll. I ](1 1.028 1.450 1.007 2.765 0.987 4.079 0.966 5.393 0.942 6.70(1 0.9 18 8.020 0.89 1 

ll . 170 1.028 1.-18(1 1.007 2.800 0.986 4. 11 5 0.965 5.428 0.942 (1.742 0 .9 17 8.056 0.890 

ll.21111 1.02(1 1.522 1.00(1 2.836 0.986 4. 150 0.965 5.464 0.941 6.778 0.916 8.091 0.889 

0 .2 .. c~ 1.02(1 1.556 1.00(1 2.871 0.985 4. 185 0.963 5.500 0.941 6.8 13 0.916 8. 126 0.889 

11.277 1.025 1.592 1.005 2.906 0.985 4.22 1 0.963 5.535 0.940 6.849 0.915 8.1 (i2 0.887 

11..1 1.1 1.025 I .(128 1.005 2.942 0.984 4.257 0.962 5.57 1 0.940 6.885 0.9 15 8. 197 0.886 

ll .3-19 1.025 1.663 1.004 2.978 0 .984 4.292 0.962 5.606 0.939 6.919 0.914 8.233 0.886 

IUX-l 1.024 (.(il)l) 1.004 3.013 0.982 4.328 0.961 5.641 0.939 6.955 0.9 12 8.269 0.885 

11 .-1211 1.02-1 1.735 1.004 3.049 0.982 4.364 0.96 1 5.677 0.937 6.99 1 0.912 8.303 0.884 

11-155 1.()23 1.770 1.0Cl3 3.085 0.98 1 4.398 0.960 5.7 13 0.937 7.026 0 .9 11 8.339 0.884 

ll.-l'JI) 1.1!'.!3 1.806 1.003 3.120 0.98 1 4.434 0.960 5.748 0.936 7.062 0.9 11 8.375 0.883 

11 .5 2(> 1.022 1.8-11 1.00 1 3. 155 0.980 4.470 0.959 5.784 0 935 7.098 0.9 10 8.4 10 0.88 1 

11.5(12 1.022 1.876 1.00 1 3. 19 1 0.980 4.505 0.959 5.8 19 0.935 7.132 0.909 8.446 0.880 

ll .5lJ7 1.020 1.912 1.000 3.226 0.980 4.541 0.958 5.854 0.934 7. 168 0.909 8.48 1 0.880 

ll .(1.13 1.020 1.9-18 1.000 3.262 0.979 4.577 0.956 5.890 0.934 7.204 0.908 8.516 0.879 

IJ.(1(i'J 1.0 19 1.983 0.999 3.298 0.979 4.6 12 0.956 5.926 0.933 7.239 0.908 8.552 0.878 

ll .70-1 I.Ill'! 2.019 0.999 :UD 0.978 4.647 0 .955 5.961 0.933 7.275 0.906 8.588 0.878 

II. 7.l'J 1.11 18 2.055 0.998 3.369 0.978 4.683 0.955 5.997 0.93 1 7.311 0 .905 8.(>23 0 .877 

11.775 1.0 18 2.089 0.998 J.404 0.977 4.718 0.954 6.033 0.93 1 7.345 0.905 8.658 0 .876 

II.XIII 1.0 18 2.125 0.997 3.439 0.977 4.754 0.954 6.067 0.930 7.381 0 .904 8.694 0.876 

11. X-1(1 1.11 17 :2. l (iO 0.997 3.475 0.975 4.790 0.953 6. 103 0.929 7.4 17 0.904 8.729 0.874 

o . xx~ 1.0 17 2. 196 0.1)96 J.5 11 0.975 4.825 0.953 6.139 0.929 7.452 0.903 8.765 0.873 
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fi.'!17 1. 11 1(1 '2.2T2 0.996 3.546 0.974 4 .86 1 0 .952 6. 174 0 .928 7.-188 0.902 8.800 0.872 

(J .lJ.i.1 1.01 (1 2.267 0.994 3.582 0. 974 4.896 0.952 6. 2 10 0.928 7.523 0 902 8 835 0.872 

O.<J 8CJ 1.015 2.303 0.99-1 3.6 18 0.973 4.93 1 0. 950 6.246 0.927 7.558 0.901 8.87 1 0.87 1 

1.023 I fl l 5 2.339 0.99-1 3.652 0 .973 4.967 0.950 6.280 0.927 7.594 0.899 8 906 0 .870 

1.115'! 1.0 13 2.373 0.993 3.688 0.972 5.003 0. 949 6.3 16 0.925 7.630 0.899 8.942 0.870 

I .()<)5 I .II 13 2.-109 0 993 3.724 0.972 5.038 0.949 6.352 0 .924 7.665 0.898 8.978 0.868 

I 1311 1.012 2.-1-15 0.992 3.759 0.97 1 5.074 0.948 6.387 0. 924 7.70 1 0.897 9.0 12 0.867 

I [(,(, 1.0 12 2. -180 0.992 3.795 0.97 1 5.11 0 0.948 6.423 0.923 7.736 0.897 9048 0.866 

1.202 1.0 12 '.'..5 1 (, 0.99 1 3.83 1 0.969 5. 144 0 .947 6.459 0 923 7.77 1 0 896 9.084 0.86(, 

1.237 l.UI I 2.55'2 0.99 1 3.866 0. 969 5. 180 0.947 6.493 0 922 7.807 0 896 <). J 19 0.865 

1.272 1.01 1 2.587 0.990 3.90 1 0.968 5.2 16 0.946 6.529 0 .922 7.843 0.895 9.155 0.864 

111 .5111 0.8'.'.7 11.8 10 0.78'.'. 13.11 7 0.726 14.4 18 0.651 15. 71 4 0.550 17.00 1 0.410 18.274 0.2 13 

10.:13(1 (J.t{2() 11 .8-l (i 0.78 1 13 15 1 0.723 14.453 0.649 15.749 0.546 17.035 0 406 18.307 0.207 

10.572 0.82-1 11.880 0.779 13. 187 0.722 14.489 0.646 15.783 0.544 17.069 0.402 18.342 0.200 

10.(>07 0.8'.'.3 11.9 16 0.778 13.222 0.720 14.523 0.644 15.8 19 0.54 1 17. 104 0.397 18.376 0. 194 

111 .(> -1 .1 0 82'.'. 11 .95'.'. 0.77 7 13.257 0 .7 19 14.559 0.642 15.854 0.53 7 17. 138 0392 18.409 0. 187 

ltl . (17 ~ 0.821 11.986 0.775 1-1.293 0.7 16 14.594 0.639 15.888 0.533 17. 173 (J.387 18.444 0. 179 

I 0 71.1 0.8'.'.U 12.022 0.773 13.328 0.7 15 14.629 0.637 15.923 0. 53 1 17.208 0.383 18.478 0. 173 

111. 7-1') 11.8 1 '! 12.0.18 ()772 13.363 0.7 13 14.664 0634 15.958 0.527 17.242 0.378 18.5 12 0. 166 

I II. 785 0.8 17 12.092 0.77 1 13 .398 0.710 14.699 0 .632 15.993 0.524 17.277 0 373 18.546 0. 159 

10.819 0.816 l '.'.. 128 0.770 13.434 0.709 14.734 0.630 16.028 0.520 17.3 12 0.368 18.580 0. 153 

lfl .X 55 0.81.i 12. 16-1 0.767 13.468 0.707 14.769 0 .627 16.063 0.5 17 17.346 U.364 18.614 0. 146 

I 11 .X'!I 0.8 1-1 12. 1')8 0 .7(16 13.504 0.706 14.805 0.624 16.097 0 .5 13 17.380 0.359 18.648 0. 139 

111.926 0.8 1.1 12.23 -1 0.765 13.539 0.703 14.839 0 .621 16.132 0.5 10 17.4 15 0354 18 682 0. 132 

111.%1 0.811 12.270 0 7()4 13 574 0.702 14.874 0 .619 16.167 0 .506 17.449 0.348 18.7 16 0. 125 

111.')'!7 0.8 10 12.304 0.7(>.1 13.61 0 0.700 14.9 10 0. 61 7 16.202 0.503 17484 0.343 18.750 0. 11 8 

I 1.11.12 0.80'! 12.3-10 0 .7Ci0 13.6'15 0.697 14.944 0.61 4 16 23 7 0 499 17.5 19 0.339 18.784 0. 109 

11.0(17 0.808 12.376 0.759 13.680 0.696 14.979 0.611 16.272 0.495 17.552 0.334 18.8 17 0. 102 

11.1113 0.807 1241 0 0 758 13.7 15 0.694 15.01 5 0 .608 16.30G 0.492 17.587 0.328 18.852 0.095 

I 1. 138 0.805 12.446 0. 757 13.75 1 0.69 1 15.049 0.606 16.341 0. 488 17.622 0.323 18.886 0.088 
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11. 174 0.804 12.482 0.754 13.785 0.690 15.085 0 .604 16.3 76 0.485 17.656 0.317 18.9 19 0.080 

11 .209 0.803 12.516 0.753 13.82 1 0.688 15. 120 0.600 16.4 10 0.480 17.690 0.3 12 18.953 0.072 

11. 2-14 0.802 12.552 0.752 13.856 0.685 15.154 0.598 16.445 0.476 17.725 0.307 18.987 0.064 

I l .2Xll II.SO I 12.587 0.750 13.89 1 0.683 15.190 0.595 16.480 0.473 17.759 0.302 19.02 1 0.057 

11..1 15 0.800 12J>22 0.748 13.926 0.682 15 225 0.592 16.5 15 0.469 17.793 0.296 19.055 0.049 

11 .350 0.798 12.658 0.747 13.962 0.680 15.259 0.589 16.550 0.465 17.828 0.290 19 .25 0.000 

I UX(1 0 .797 12.693 0.745 13.996 0.677 15.295 0.587 16.585 0.4(>1 17.862 0.284 

11.-12 1 0.7% 12.728 0.744 14.032 0.675 15.330 0.583 16.6 19 0.45 7 17.8% 0.279 

11.-1 5(1 0.795 12.764 0.743 14.067 0.674 15.364 0.58 1 16.654 0 .453 17.93 1 0.273 

11 .-l'i} 0.7'J4 12.7<J9 0.740 14. 102 0.671 15.399 0.577 16.689 0.449 17.966 0.267 

11.528 U.792 12.834 0.739 14. 137 0.669 15.435 0.575 16.723 0.444 17.999 0.26 1 

115(1'.! 0.79 1 12.8(19 0.738 14. 173 0.666 15.469 0.571 16.758 0.441 18.034 0.255 

1 I .5 'JX ll .7'J0 12.905 0.735 14 .207 0.664 15.504 0.569 16.793 0.436 18.068 0.249 

I I .(1.1-1 11.789 12.940 0.734 14.243 0.662 15.540 0.565 16.827 OAn 18. 102 0.244 

I I .(1(18 0.788 12.975 0.732 14.278 0.66 1 15.574 0.563 16.862 0.428 18. 137 0.238 

11 .711-1 0.7X(1 13.01 1 0.731 14.3 13 0.658 15.609 0.560 16.897 0.423 18. 171 0.'.:!32 

I 1.7-111 0.78-1 13.045 0.728 14.348 0.656 15.644 0.556 16.93 1 0.4 19 18.205 0. 225 

11.77-1 0.783 13.08 1 0.727 14.383 0.653 15.679 0.554 16.966 0.4 15 18.239 0.2 19 




