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ABSTRACT 

 

Various kinds of photovoltaic (PV) modules have been developed and practically deployed as 

PV systems over time. The performance of PV modules found in the Kenyan market has not 

been documented and therefore their reliability and stability in providing an alternative source of 

energy has not been sufficiently established. In this study the I-V data of Silicon-based mono 

crystalline, poly crystalline and amorphous modules was collected. The choice of the modules 

was done randomly depending on their availability, the cost of the modules and their power 

rating. They were selected randomly from PV module vendors within Nairobi Central Business 

District (CBD). The manufacturers’ specifications were taken. The modules were then mounted 

at an optimum fixed tilt angle of 15 degrees. Initial measurements of short circuit current Isc, 

open circuit voltage Voc, ambient temperature and module temperature were taken immediately 

on mounting the modules. Measurements of current and voltage to obtain I-V data was done 

daily at solar noon for four months. The back of the module temperature and ambient 

temperature at the time of measurement was measured using thermocouple while the irradiance 

at the time of measurement was measured using a pyranometer. The pyranometer was mounted 

at the plane of array of 15 degrees as the modules. The collected I-V data was normalized and I-

V curves were plotted. Performance parameters of the modules were then calculated from the I-

V curve. There was a decrease in Voc of the modules with time with the amorphous modules 

clearly showing the Staebler-Wronski effect. The Isc of the modules showed little variation while 

Pmax of the modules had reduced significantly. The Pmax of most of the modules was found not to 

match with the manufacturers specifications provided in their data sheet. On inspection of the 

modules, the 10W polycrystalline module revealed a defect which was as a result of overheating 

of the cells that contributed greatly to its poor performance in comparison to the other 

polycrystalline modules. The efficiency of the amorphous modules ranged between 3%- 5% 

while that of mono crystalline and polycrystalline was above 10%.    

 

 

 

 

 

 



 

 

 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Background to the Study 

  

The ever increasing world energy demand, the fast depletion of fossil fuels and the unpredictable 

weather pattern due to global warming have prompted the world to look for alternative source of 

energy.  

In Kenya the weather patterns are friendly in that most of the days have clear sky conditions and 

at least eight hours of sunshine. Infrastructure investment on hydroelectric power which is the 

main source of power is low. There are many places that are not served with the national grid 

and yet they require some source of power.  Photovoltaic electrical energy is the most favored 

source of electrical energy since it is environmentally friendly, readily available and abundant.  

New manufacturers have come up and new technologies have emerged to meet the high energy 

demand by consumers. While more manufacturers and new technologies are emerging, the 

reliability of solar PV modules becomes a critical performance measure for the success of the 

industry (Rong et al., 2011).  

The performance of PV modules has been observed to gradually decrease with operation time 

(Dunlop and Halton, 2006). Long term performance of PV modules is vital if they have to pay 

back to the consumer. It is important to investigate the performance parameters of the modules. 

In order to have maximum sunlight conversion, the tilt and orientation of the modules should be 

maximized (Akachuku, 2011). According to Duke et al. (2010), Kenya has an active market for 
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photovoltaic (PV) solar home systems (SHSs), with cumulative sales in excess of 100 000 units 

and current sales of approximately 20 000 modules per year. Small 10-14W single junction 

amorphous silicon (a-Si) modules dominate the market, largely due to their lower retail price 

relative to similar sizes of crystalline PV modules. Amorphous silicon modules sell for 

approximately US$ 5.00 per rated peak watt (Wp) in Kenya while most brands of similarly sized 

crystalline modules sell for US$ 9.00 per rated Wp. 

Despite this commercial success, there is substantial concern about the performance of single 

junction thin-film a-Si because of the technologies uneven quality record and the uncertainty 

introduced by short term degradation which occurs when this type of module is initially exposed.   

In this study, current-voltage (I-V) data was measured using an I-V curve tracer. The I-V data 

obtained was used to plot solar cell I-V curves. Solar cell parameters modeled using the one-

diode solar cell model, were then extracted from the I-V curves. Solar cell device and 

performance parameters were extracted and calculated from the I-V modeled curves. Parameters 

such as short circuit current (Isc), open circuit voltage (Voc), Fill Factor (FF) and current and 

voltage at maximum power point of the modules (Imax, Vmax) were then calculated. The study 

analyzed silicon based solar cell technologies commonly found in the Kenyan market. The 

finding was used to investigate the degradation rates of the modules there by determining the 

stability and their reliability. 

1.2 Statement of the Research Problem 

 

The performance of PV modules once in use differs significantly with time from the 

specifications provided by the manufacturers. This performance degradation of the modules 

greatly affects the output of the modules as well as disappointing the user. Kenya has an active 
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market for photovoltaic (PV) solar home systems (SHSs) with sales of 20 000 modules per year 

(Duke et al., 2010). The rural consumers are ill-equipped to compare the relative performance of 

different module types available in the market while others have no idea of different types and 

therefore go for the cheap retail price. Little research has been done on the performance of the 

modules available in the Kenyan market. This research aimed at evaluating the performance of 

modules from three silicon based technologies i.e. three Silicon-based polycrystalline, three 

Silicon-based mono crystalline and three Silicon-based amorphous which are commonly found 

in the Kenyan market. This study measured and monitored the I-V data of nine modules selected 

randomly from three different manufacturers. Their performance parameters were compared to 

determine their stability under the Kenyan climate as well as compare these parameters with the 

manufacturer’s specifications. 

1.3 Objectives of the Research 

1.3.1 General Objective 

 

The general objective was to investigate the performance of Silicon-based Photovoltaic modules 

from different manufacturers found in the Kenyan market.  

1.3.2 Specific Objectives 

 

The specific objectives were: 

i. To measure the short circuit current (Isc) and open circuit voltage (Voc) of the modules 

every day at solar noon for four months. 

ii. To measure and collect the current-voltage data, back of the module temperature, ambient 

temperature and solar irradiance every day at solar noon for four months. 
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iii. To model the I-V data using the one diode model and plotting the I-V curves. 

iv. To extract the performance parameters of each module i.e. Isc, Voc, the Fill Factor (FF), 

Efficiency (ƞ) and current (Imax) and voltage (Vmax) at maximum power Point (P max) from 

the I-V curves. 

v. To carry out daily visual inspection of the modules to check for any observable changes 

such as damaged cells or the layer of dust cover on the modules. 

 

1.4 Rationale of the Study 

 

There are several types of photovoltaic (PV) modules from different manufacturers available in 

the Kenyan market. The specifications provided in the manufacturers’ data sheet indicate high 

performance and high reliability. These specifications are always measured at Standard Test 

Conditions (STC: module temperature = 25o C, Irradiance = 1000W/m2 and Air mass = 1.5) that 

is not very representative of the real conditions in which the PV devices have to operate.   

 Research has shown that the output of PV modules differs significantly once exposed to outdoor 

conditions (Ryan et al., 2012) thus their reliability and stability in providing alternative source of 

energy being questionable. This research investigated the performance of nine PV modules from 

three different technologies from different manufacturers, which are commonly available in the 

Kenyan market. The parameters investigated include: short circuit current, the open circuit 

voltage, the Fill Factor and the efficiency of the modules by measuring solar irradiance, back of 

the module temperature, and how the ambient temperature conditions affect the output of the 

modules as well as how these factors cause deterioration of the PV modules. 
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1.5 Location of Area of Study 

 

The research was carried out in Chuka, North East of Nairobi on a location whose latitude is 

0.33o South and longitude 37.65o East. The data was collected in the months of August to 

November. The weather pattern of the location is: From mid-December to mid-March it is hot 

and dry, mid-March to July long rains, August to mid-October it is cooler dry season, and from 

mid-October to mid-December is short rains. The temperatures are moderate fluctuating between 

the highs of 29 degrees and lows of 16 degrees Celsius in January and highs of 24 degrees and 

lows of 7 degrees Celsius in July (http://www.Kenya-information-guide.com/Kenya-

weather.html).The long rains are expected between the months of March and June while the 

short rains are expected in October and November.  

1.6 Thesis Outline/Organization 

The study compares the performance of individual photovoltaic modules under outdoor 

operation for four months. The nine modules represent three different technologies. The 

technologies investigated are mono crystalline (c-Si), poly-crystalline (p-Si) and the amorphous 

silicon (a-Si). These modules represent widely used technologies by the module consumers in 

Kenya (Duke et al., 2010).  

Chapter one gives the background to the study, the statement of the research problem, the 

general objective as well as the specific objectives. It also provides the geographical location of 

the area of study as well as the weather patterns in the area of study.  

Chapter two provides the necessary background and context to the work described in this thesis. 

Previous studies showing the differences in performance of a variety of technologies are 

discussed.  
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Chapter three gives an overview of the various solar cell technologies that exist in the market, 

photovoltaic performance parameters and provides information on how temperature affects the 

module performance. It also provides the failure modes of PV modules as well as how the 

maximum angle of tilt was calculated.  

Chapter four provides information the materials and methods that were employed in the 

collection and analysis of data.  

Chapter five gives the results obtained and a discussion of the research findings.  

Chapter six provides conclusions and recommendations for further work. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Background Information 

With rapid economic growth and improvement in living standards, there has been a marked 

increase in energy consumption in many third world countries. Most countries use fossil fuel, 

hydroelectric power and nuclear power as a source of energy. Nuclear and fossil fuels have 

adverse effects on the environment such as large amounts of greenhouse gases emissions and 

pollution from the burning of fossil fuel (René, 2005, Azhar  and Abdul, 2012 ). 

Since fossil fuel and nuclear sources of energy are not renewable, it is necessary to explore other 

sources of energy that are cost effective especially in the developing countries that rely heavily 

on imported fossil fuel. Renewable energy such as sunlight, wind tides and wave can be 

particularly suitable for developing countries especially in rural and remote areas where 

transmission and distribution of energy generated from fossil fuels can be difficult and 

expensive. Producing renewable energy locally can offer a viable alternative.  

Technology advances are opening up a huge new market for solar power. There are 

approximately 1.3 billion people around the world who do not have access to grid electricity 

(http://www.Renewable Energy in Developing Countries – wikipedia.Org). Even though they are 

typically poor, these people have to pay far more for lighting than people in rich countries 

because they use inefficient kerosene lamps and stoves. Solar power costs half as much as 

lighting with kerosene.  An estimated three million households get power from small solar panels 

(Duke et al., 2010).  
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Energy consumption in Kenya is in two areas, namely: in industries and for domestic purposes. 

Domestic consumption of energy is far much higher than industrial consumption.  Hydro-electric 

power is largely used although it is not readily available especially in remote areas where there is 

no National Grid. Since Kenya is located along the equator where there is a vast expanse of sun’s 

rays throughout the year, solar power provides a good alternative to supplement the energy 

demands.  

Kenya is the world leader in the number of solar power systems installed per capita. More than 

30 000 very small solar panels, each producing 12 to 30 Watts, are sold in Kenya annually (Duke 

et al., 2010).                 

In 2011, the International Energy Agency said that the development of affordable, inexhaustible, 

and clean solar energy technologies will have huge long-term benefits. It will increase a 

countries’ energy security through reliance on an indigenous, inexhaustible and mostly import-

independent resource, enhance sustainability, reduce pollution, lower the costs of mitigating 

climate change and keep fossil fuel prices lower (http://www.Renewable energy in developing 

countries Wikipedia. Org).  

The energy conversion efficiency of a PV module or array as a group of electrically connected 

PV modules in the same plane is defined as the ratio between electrical power conducted away 

from the module and the incidence power of the sun (Rakovect et al., 2011).  

Solar cell conversion efficiency as a function of operating temperature is given as; 

  cin

c
AtI

VI

P

P




 maxmaxmax            (2.1) 



9 

where maxI  and maxV  is current and voltage for maximum power corresponding to irradiance 

(  tI ) and cA is the area of the cell. 

This conversion efficiency of photovoltaic (PV) modules by manufactures is done under 

Standard Test Conditions (STC). The Standard Test Conditions are module temperature of 25o c, 

Irradiance of 1000W/m2 and Air mass of 1.5). 

The orientation of PV modules determines their power output. This orientation is described by its 

azimuth and tilt angle. For fixed modules, the azimuth angle is the angle the modules make with 

the true North, when measured in a clockwise direction. The tilt angle is the angle that forms 

between the horizontal and the long axis of the PV module. It is the latitude at a given location. 

Many investigations have been carried out to determine the best tilt angle for PV systems. 

Ibrahim, (1995) and Pavlovic et al., (2010), suggests the following equation for optimum tilt 

angle ( ). 

 o15              (2.2) 

where   is the latitude of a given place. 

Different PV module technologies now exist in the market. These include crystalline modules 

such as mono/single crystalline, poly/multi crystalline and amorphous modules. The modules 

available are rated by manufacturer depending on their power output such as 5Watts, 10Watts, 

15 Watts etc. The choice of the module to use depends on the power output needed by the 

consumer and its efficiency. 

Photovoltaic (PV) modules are often considered as the most reliable elements in PV systems. 

However, PV module reliability data are not shown on commercial data sheets in the same way 
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as it is with other products such as electronic devices and electric power supplies. Conversely, 

the high reliabilities associated with PV modules are indirectly reflected in the output power 

warranties usually provided in the industry, which range from 25-30 years. As a matter of fact, 

PV modules have a very low total number of returns, the exceptions being the catastrophic 

failures. The performance of PV modules decreases when deployed outdoors over time. After 

several years of operation, this decrease will affect PV module reliability (Manuel and Ignacio, 

2008).   

2.2 Related Studies   

Cornaro and Musella (2010) evaluated the performance of two PV modules, one polycrystalline 

and one amorphous during a medium term exposure at optimized tilt angle and did a complete 

characterization of weather conditions. The results showed that the polycrystalline module was 

highly stable with an average performance ratio (P.R) of 0.88. A seasonal trend in the monthly 

performance was observed due to the temperature effect on the module performance. The 

amorphous silicon module showed an effect of degradation in the first months of operation due 

to the Staebler- Wronski degradation effect. 

Rong et al. (2011) reported that the degradation of solar photovoltaic modules is associated with 

the outdoor weather condition at the place of use. 

Malik et al. (2010) studied the influence of temperature on the performance of photovoltaic 

polycrystalline silicon module in the Bruneian climate. I-V data was collected twice a week. 

Investigations on temporal variation (which includes variation in intensity of solar radiation,  and 

its distribution of different components such as direct, diffused and  global; ambient and working 
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temperature of the device) on the electrical performance of the devices was done. The results 

showed that polycrystalline modules worked well at low irradiance.   

Carr (2005) performed a detailed comparison of PV modules of different technologies and their 

implications for PV system design methods in Australia. The experiments revealed that the STC 

values quoted by the manufacturers for the PV modules do not necessarily match those observed 

in STC measurements.  

Osterwald et al. (2002) performed a degradation analysis of four different weathered crystalline 

silicon PV modules by exposing them to real time outdoors at fixed tilt. It involved accelerating 

outdoors at global normal irradiance and three times mirror enhancement (outdoor accelerated- 

weathering test system, OATS). The results showed that there was a linear relationship between 

maximum power degradation and the total ultra violet exposure dose for the four different types 

of modules. Analysis of data from long term solar weathering study revealed a slow Isc 

degradation which begun after the rapid initial light–induced degradation caused by oxygen 

contamination in boron-doped Si solar cells. 

Agroui et al. (2011) evaluated the indoor and outdoor photovoltaic modules performances based 

on thin films solar cells. The tests showed that the STC values quoted by manufacturers for their 

amorphous modules do not match those observed in STC measurements. The modules were 

found to degrade within the first 8-10 weeks of exposure due to Staebler-Wronski effect on the 

amorphous silicon material.   

  Siddiqui et al. (2014) performed an analysis of polycrystalline silicon PV modules on the basis 

of indoor and outdoor conditions. The results showed that the STC values quoted by 
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manufacturers for their multi crystalline silicon PV modules do not necessarily match those 

observed in STC measurements.  

Duke et al. (1999) conducted a survey on the field performance of amorphous Silicon (a-Si) 

photovoltaic modules in Kenya. The research revealed that small 10 to 14 Watt single junction 

amorphous Silicon (a-Si) modules dominate the market. Despite the commercial success there is 

substantial concern about the performance of single junction thin films amorphous silicon (a-Si) 

both because of the technologies uneven quality and the uncertainty introduced by short term 

degradation which occurs when this type of PV module is initially exposed to the sun.  

A survey conducted by Duke et al. (2010) indicates that only 9% of PV module consumers think 

they know the brand of the modules they owned, and 15% of these respondents answered 

incorrectly. In addition, over 40% of the respondents would not guess about how long their 

modules would last. Less than 3% of the respondents knew whether they had an amorphous or 

crystalline solar module and only 6% of the respondents had an opinion about whether 

amorphous or crystalline modules existed.   
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CHAPTER THREE 

THEORITICAL BACKGROUND 

3.1 Overview of Photovoltaic Technologies 

A wide range of photovoltaic technologies now exist in the market which include crystalline 

silicon (c-Si) and thin film technologies of amorphous silicon. The crystalline silicon (c-Si)   

includes single-crystalline silicon and multi-crystalline silicon. Thin-film technologies include 

amorphous silicon (a-Si), micro morph (micro-crystalline/ amorphous silicon), cadmium 

telluride (CdTe) and copper-Indium-gallium-diselenide (CIGS). Each technology is mainly 

described and classified according to the material used, manufacturing procedure and efficiency. 

Amongst the various existing PV technologies, crystalline silicon is the most developed. Silicon 

at present is the most abundant material found in the earth’s crust and its physical properties are 

well defined and studied. C-Si dominates the PV technology market with a share of 

approximately 80% (Makrides et al., 2010).  

The main characteristic of mono-c-Si is its ordered crystalline structure with all the atoms in a 

continuous crystalline lattice. Mono-c-Si technologies are highly efficient but are at the same 

time the most expensive amongst the existing PV technologies mainly because of their relatively 

costly manufacturing processes. The substrate thickness is about 400-200 m and increased the 

surface area from 100cm2 to 240cm2. The thickness should be approximately 200  m to allow 

incident light to be absorbed within a wide range of wavelengths. 

Multi-c-Si solar cell wafers consist of small grains of mono-c-Si and are made in a number of 

manufacturing processes. The substrate thickness is approximately 160  m while attempts are 

being made to lower the thickness even more. In general multi-c-Si PV cells are cheaper 
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compared to mono-c-Si as they are produced in less elaborate manufacturing process, at the 

expense of slightly lower efficiencies. The lower efficiency is attributed to recombination at the 

grain boundaries within the multi-c-Si structure.  

Ribbon silicon is another type of multi-c-Si technology which is produced from multi-c-Si 

suitable for the photovoltaic industry. In the manufacturing process of this technology, high 

temperature resistant wires are pulled through molten silicon to form a ribbon which is 

subsequently cut and processed in the usual manner to produce PV cells. An advantage of this 

technology is that the production cost is lower than other c-Si technologies, while the efficiency 

and quality of the cells remain the same as other multi-c-Si technologies but lower than mono-c-

Si.  

The main incentive for the development of thin film technologies has been their cheap 

production cost compared to the c-Si counterparts. Over the past years, thin-film technologies 

have shown very encouraging development as the global production capacity has reached around 

3.5GW in 2010 and is expected reach between 6-8.5GW in 2012 (Makrides et al., 2010). 

Amongst the many thin-film technologies some of the most promising are CdTe, a-Si, micro 

morph tandem cells (a-Si,  c-Si) and CIGS. 

Amorphous silicon has been on the PV market longer than other thin-film technologies and this 

has allowed researchers and manufactures to understand several aspects of its behavior. This 

technology was first commercialized in the early 1980’s and since then has increased gradually 

in efficiency (Duke et al., 1999). The manufacturing of a-Si technologies is dominated by 

deposition processes such as plasma enhancement chemical vapour deposition (PECVD) and 
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thus large area, flexible and cheap substrates such as stainless steel and thin foil polymer can be 

used.  

In comparison to mono-c-Si, amorphous silicon PV cells have no crystalline order, leading to 

dangling bonds which have severe impact on the material properties and behavior. Another 

important material limitation arises from the fact that this technology suffers from light-induced 

degradation, known as Staebler-Wronski effect (SWE). SWE describes the initial performance 

decrease when a-Si modules are first exposed to light (Agroui et al., 2011). In general, the effect 

has been minimized by employing double or triple-junction devices and developing micro morph 

tandem cells, which is a hybrid technology of c-Si and a-Si. An important advantage of a-Si is 

the high absorption co-efficient which approximately 10 times higher than c-Si therefore 

resulting in much thinner cells. 

The concept of micro morph (micro crystalline/ amorphous silicon) tandem cells was introduced 

to improve the stability of a-Si tandem cells. The structure of micro morph device has a-Si cell 

which is optimized with the application of the micro-crystalline silicon ( c-Si) layer of the 

order of 2  m onto the substrate. The application of the  c-Si layer assists the device in 

increasing its absorption in the red and near infrared part of the light spectrum and hence 

increases the efficiency by up to 10%. 

Another type of thin film technology is CdTe, which is a group II- VI semiconductor with a 

direct band gap of 1.45eV. The high optical absorption co-efficient of this technology further 

allows the absorption of light by a thin layer as it absorbs over 90% of available photons in a 

1 m thickness hence films of only 1-3 m are sufficient for thin-film solar cells. CdTe 

technology is a front-runner amongst thin-film PV technologies due to the fact that it can be 



16 

produced relatively cheaply and module efficiencies have reached 12.8%. So far, the achieved 

efficiency of this technology is lower compared to c-Si, but higher than triple-junction a-Si. In 

comparison to a-Si, the CdTe PV technology does not show initial degradation. In addition, the 

power is not affected to the same extent by temperature variations as c-Si based technologies. 

The table 3.1 gives a summary of different commercial PV module technologies, their different 

film thickness; the range of their efficiencies and their surface area of summarizes the key 

characteristics of typical commercial PV modules. 

Table 3.1: Typical commercial PV Module Characteristics (Makrides et al., 2010) 

Technology Material thickness 

( m) 

Area (m2) Efficiency 

(%) 

Surface area for 

1KWp system(m2) 

Mono-c-Si 200 1.4-1.7(typical) 14-20   7 

multi-c-Si 160 1.4-1.7(typical) 11-15   8 

a-Si 1 1.5 4-8   15 

a-Si/ c-Si  2 1.4 7-9   12 

CdTe   1-3   0.6-1 10-11   10 

CIGS   2   0.6-1 7-12   10 

 

3.2 Outdoor and Standard Test Condition (STC) 

The performance of silicon solar cells are affected on changing the environmental factors. Solar 

cells, like all other semi-conducting materials are subjected to electrical degradation. Solar cells 
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are exposed to temperatures changing from 10 degrees to 50 degrees Celsius. The output 

parameters like open circuit voltage, fill factor, short circuit current and efficiency of the solar 

cells are temperature dependent (Singh et al., 2011). In evaluating PV performances in outdoor 

operating conditions, for practical use, it is difficult to create the measurement conditions 

identical to standard test conditions (STC) which are irradiation intensity of 1000 W/m2, module 

temperature of 25oC and air mass 1.5 (Singh et al., 2011).  

The I-V curves obtained outdoors therefore are normalized to standard test condition using the 

normalizing equation 3.1 and 3.2 according to Malik et al., (2010). 

  
E

mW
II nn

2/1000
           (3.1) 

where In is the normalized current, Im is the measured current outdoors and E is the measured 

irradiance.  

)}25(1{ TCbVV o

mn 
         (3.2)

 

where Vn is normalized voltage (Volts), Vm is measured voltage (Volts), b is the temperature 

coefficient (V/ oC) and T is the module temperature (oC).          

 

 

3.3 Photovoltaic Performance Parameters 

 

The electrical properties of a PV device comprises of: open circuit voltage (Voc), the short circuit 

current (Isc), maximum voltage (Vmax), maximum current (Imax), maximum power (Pmax), 
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conversion efficiency (ƞ), and fill factor (FF). Some of these parameters are measured by the 

manufactures at standard test conditions (STC).  

Solar cells only convert a small amount of absorbed solar radiation into electrical energy. The 

excess incident energy is dissipated as heat in the bulk of the silicon solar cell which increases its 

temperature compared to the environmental conditions. An increase in the working temperature 

of a solar cell reduces the band gap allowing more energy to be absorbed which increases the 

short circuit current (Isc) of the solar cell for a given irradiance. 

The band gap energy Eg (T) of the material as a function of temperature can be written as; 

bT

aT
ETE gg




2

)0()(          (3.3) 

 where Eg (0) is the band gap energy of the material at room temperature; a and b are constants. 

This effect alone raises the theoretical maximum output power of the solar cell. At the same time 

an increase in the temperature increases the population of electrons exponentially. This enhances 

the dark saturation current (IO) that is a minority carrier current and its variation with temperature 

can be written as in equation 3.4; 
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where Ao and KB are the area of the device and Boltzmann’s constant. The increase in the dark 

saturated current decreases the open circuit voltage (Voc) of the device that is expressed in 

equation 3.5; 
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Theoretically, a decrease in the open circuit voltage would reduce the output power of the 

device. The short circuit current and the open circuit Voltage are related to an important property 

of a PV device known as the fill factor (FF) which is defined as the ratio of the of the maximum 

power of the PV device to the product of Isc and Voc as indicated in equation 3.6; 

scocIV

IV
FF maxmax            (3.6) 

The fill factor diminishes as the temperature of the device is increased. The decrease in Voc and 

fill factor (FF) with the working temperature of the device outweighs the slight increase in the 

short circuit current. 

3.3 Effect of Temperature on PV Performance 

Jefari et al. (2011) reported that Solar cells performance parameters vary due to temperature 

changes. The change in temperature will affect the power output from the cells. The voltage is 

highly dependent on the temperature and an increase in temperature will decrease the voltage. 

Figure 3.1 shows the effect of temperature on I-V characteristics of PV module at constant 

radiation. As the temperature of the module is increased from 10oC to 70oC the short circuit 

current of the module decreased slightly while the open circuit voltage decreased significantly 

from 25V to 18V. 
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Figure 3.1: Output I-V characteristic of the PV modules with different temperature Jefari et al. 

(2011)    

More than 80% of solar radiation reaching the photovoltaic cell (PV) is not converted into 

electricity. It is reflected or transformed into heat energy. The heat generated yields to an 

increase in cell temperature and consequently to a decrease in conversion efficiency of the cell.  

Thus as the cell temperature is increased, the output power of the cell decreases significantly as 

shown in figure 3.2. 

3.4 Standard Rating of PV Modules 

In comparing different modules the standard rating system used is a peak power value given by 

manufacturers. This is based on the module maximum power output at standard test condition 

(STC). The standard test condition is an irradiance of 1000W/m2 at air mass AM 1.5 and a cell or 

module temperature of 25oC. Generally, the information supplied by photovoltaic (PV) 

manufacturers includes the following parameters: Pmax, Voc, Isc, Vmp and Imp. 



21 

  

Figure 3.2: Output characteristics of the PV module with different temperature Jefari et al. 

(2011) 

 

Another value often supplied by manufacturers is the Nominal Operating Cell Temperature 

(NOCT). It is defined as the cell temperature of an open-circuited, rack-mounted module at 

standard test operating condition (SOC). SOC represents a more realistic operating condition for 

a PV module than STC. SOC is defined as an irradiance of 800W/m2, an ambient temperature of 

20oC and a wind speed of 1m/s. By providing the NOCT value a user or a system designer can 

calculate a thermal capacitance value for the module and thereby estimate cell temperature at 

other operating conditions. Occasionally, manufacturers give voltage and current values at SOC. 

At other occasions they do provide temperature coefficients either for Voc and Isc or for Pmax.  

The size attributed to a PV array is calculated from this STC Wp (peak-Watt) rating, even though 

the standard test conditions described above are rarely experienced by modules under actual 

operation. A 20kW array, for example, consists of an array of PV modules whose Wp rating 

totals 20k Watts, though, depending on the location, it is highly unlikely the array will ever 

produce a power of 20kW. The SOC and NOCT values provide more realistic indication of the 
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output of the modules under actual operation, but, these are ideal conditions and not a 

representative of the full range of operating conditions.    

3.5 Failure Modes of PV Modules 

To survive in harsh operating environmental conditions, PV modules rely on packaging materials 

including protective superstrate, substrate, sealants and encapsulants to provide requisite 

reliability. Several key properties associated with PV module reliability are critical for 

commercial success. These include:  

i. Low-interface conductivity 

ii. Adequate adhesion of encapsulants to substrate, superstrate and PV cells 

iii. Low moisture permeation through all packaging materials and  

iv. Good mechanical properties such as tensile elongation and creep resistance at all 

operating conditions. 

Therefore, it is important to investigate how properties changes and or degradation in polymetric 

materials used in PV modules and understand the correlation among materials degradation and 

failures of PV module system performance in the field. Figure 3.3 illustrates the failure modes of 

PV modules caused by packaging materials degradation under multiple stresses including heat, 

moisture and UV (Ethan and Edwin, 2012). The suggested evaluating approaches for these 

modes are also specified. 
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Figure 3.3: Failure modes of PV modules caused by packaging materials and the evaluating 

approaches (Ethan and Edwin, 2012) 

3.6 Determining the Optimum Angle of Tilt for the Modules 

In order to have maximum sunlight converted into usable energy, the tilt angle of the PV surface 

should be maximized. This is due to the fact that tilt and orientation of PV surface determines the 

amount of electricity that can be generated. The PV surface should be positioned in a way that its 

plane of array is directly perpendicular to the sun’s rays for a longer duration. This will capture 

the maximum amount of sunlight to be converted (Prashanthini et al., 2011 and Pavloc et al., 

2010). 

The orientation of a solar collector is described by its azimuth and tilt angles. Systems installed 

in the northern hemisphere are oriented toward south and tilted at a certain angle. The azimuth 

angle is the angle the panels make with the true north, when measured in a clockwise direction. 

In the northern hemisphere this angle is 180o, which makes the panel to face south. For 

installations in the southern hemisphere, this will be zero degrees making the panels to face 
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north. The tilt angle is the angle that is formed between the horizontal and the long axis of the 

PV module. It tells how much the panel should be tilted to derive the best incidence of solar 

energy. 

 

Figure 3.4: Angle of tilt of a PV module 

Equation 3.7 was used to determine the optimal angle of tilt to be used in this study (Kacira et 

al., 2004; Prashanthini et al., 2011). 

 o15              (3.7) 

where   is the latitude of the location. Plus (+) sign is used in winter and the minus (-) sign in 

summer. In this work the modules were placed at a fixed angle of tilt of 15 degrees, which is the 

angle that receives most irradiance.  

.  
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CHAPTER FOUR 

MATERIALS AND METHODS 

4.1 Description of the Work Done 

This study was investigating the performance of nine photovoltaic modules three mono 

crystalline, polycrystalline and amorphous types. The modules were placed at a fixed angle of tilt 

of 15 degrees since it is the angle that receives most irradiance. The I-V data was measured every 

day at solar noon since this is the time the irradiance in a day is maximum. The data was 

measured from the months of August to November. Due to changes in irradiance while 

collecting data, the irradiance was measured in the beginning and at the end of collecting data for 

each module. The ambient temperature and back of the module temperature was measured at the 

beginning and the end of data collection for each module. Finally an average of irradiance and 

temperature was calculated and used for the various calculations. The collected data was 

normalized to Standard Test Conditions and then the I-V curves were drawn using the 

normalized data. From the I-V curves, parameters such as Isc, Voc, Imax, and Vmax were read and 

parameters such as Pmax, efficiency and Fill Factor (FF) of the modules calculated. Graphs of 

these parameters against days of exposure were plotted. The gradient of the graph represents the 

rate of degradation of each module parameter 

4.2 Experimental Set Up 

The initial I-V data of the nine silicon based modules (mono crystalline, poly-crystalline of 10W, 

15W and 20W respectively and amorphous of 10W, 15W and 18W) form different 

manufacturers was measured at an angle of inclination of 15degrees to determine the initial 
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parameters. The modules were then mounted on a fixed angle rack. Visual inspection of the 

modules was also done before they were mounted.  

Figure 4.1 shows the nine modules mounted at a fixed angle of tilt of 15 degrees. This is the 

optimal angle that receives most irradiation. 

 

Figure 4.1: Experimental set up  

 

4.3 The I-V Curve Trace Meter 

I-V data was collected using a I-V curve trace meter. Using equations 3.1 and 3.2, the collected 

I-V data was normalized to standard test conditions (STC). Figure 4.2 shows the Current-Voltage 

(I-V) curve trace meter that was used in data collection. The shunt resistor used was of 0.0667 

Ohms prepared by arranging three 0.2 Ohm resistors in parallel. The Voltage across the shunt 

resistor was measured and current calculated using relation 4.1; 

sh

sh
sh

R

V
I                                                            (4.1) 
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Figure  4.2: I-V curve tracer showing variable bias and shunt resistor 

 

Using the STC normalized I-V data; I-V curves of various modules were plotted. 

To extract the solar cell device and performance parameters, the normalized I-V data was 

modeled using the one-diode model.   

The performance parameters of different modules were then compared. 

4.4 A Pyranometer 

 

A pyranometer was used to measure the solar irradiance for various I-V data. 

Graphs of Voc ,Isc, Pmax and efficiency against the number of days for each module were drawn to 

examine each module’s degradation rate. 

 

 

Shunt 
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 V 

Variable 

Bias 
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Figure 4.3: Photograph of a CM3 pyranometer 

 

4.5 Conversion of Obtained Values to Standard Test Conditions (STC) 

 

Since the outdoor conditions experienced by the modules are different from the Standard Test 

Conditions (STC) used by manufacturers while quoting the performance of the modules, the 

obtained values were normalized to STC using equations 3.1 and 3.2. 

4.6 Module and Ambient Temperature Measurement 

 

The temperature of the modules and the ambient temperature for each of the I-V curves were 

measured using a thermocouple. In order to correct recorded data to STC the ambient 

temperature played a very important role. A thermocouple is a sensor for measuring temperature. 

It consists of two dissimilar metals joined together at one end. When the junction of the two 

metals is heated or cooled a voltage drop is produced proportional to temperature. 

4.7 Visual Inspection of the Modules 
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Photovoltaic (PV) modules can degrade on different accounts (Manuel et al., 2008).These 

include the technology of the modules such as if they are mono crystalline, polycrystalline or 

amorphous and the location of use (temperature, humidity and radiation). PV modules can 

degrade their performance as a result of different factors such as: 

i. Degradation of packaging materials 

ii. Loss of adhesion of encapsulants 

iii. Degradation of cell/ module interconnection 

iv. Degradation caused by moisture intrusion 

v. Degradation of the semiconductor material 

In the case of crystalline Si PV modules, the degradation of the semiconductor is not important 

because of the stability of the semiconductor material. Field experience indicates that the primary 

causes of performance losses are associated with mechanisms external to the cell itself such as 

solder joints, encapsulant browning, delamination and interconnection problems.  

Visual inspection of the modules was done every day by carefully inspecting them. Photographs 

of the modules were taken when a change in the module was noticed.  

4.8 One-Diode Solar Cell Model 

 

The model assumed in this work is the one-diode model. Figure 4.4 presents the electrical 

scheme of this model.  
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    Figure 4.4: One diode equivalent circuit model of a solar cell  

In practice solar cell is not an ideal diode so there are some losses. In real cells the parasitic 

effect is due to the presence of series resistance Rs and parallel resistance Rsh. Series resistance Rs 

is very small which arises from the Ohmic contact between metal and semiconductor internal 

resistance (Abdul et al., 2012). The shunt resistance is very large and represents the surface 

quality along the periphery. Leakage current through the periphery represents Ish. Both the diode 

current Id and shunt current Ish are from the photocurrent Iph. In an ideal case the Rs is 0 and the 

Rsh is ∞. The resultant current relationships are in the following equations as dictated by 

Kirchhoff’s current laws. 

shdph IIII             (4.2) 

The current being sent through the diode is; 
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Where q is the electron charge = 1.60 ×10-19 Coulombs, K is the Boltzmann constant = 1.38 × 10-

23 joules/ kelvin, A is the diode ideality factor (manufacturing value is between 1 and 2), Tc is the 
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cell temperature, Io is the saturation current and Vd is the voltage across the diode. The diode 

voltage Vd is given by equation 4.4; 

Vd = IRs + V              (4.4) 

Equation 4.2 can therefore be re-written as shown in equation 4.5; 
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When the terminals of a solar cell are open circuited the photocurrent generated by the current 

source fully flows through the diode and Rsh and the maximum voltage Voc is produced across the 

terminal. When considering the case that the terminal of the photovoltaic cell is short circuited 

the photocurrent Iph flows through the short circuited terminal and so the voltage across the 

terminal become zero and current Isc become Iph. So the short circuit current Isc is equal to Iph. 

Then current I can be written as shown in equation 4.6;  
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Isc depends on weather conditions such as ambient temperature (Ta) and irradiance G as indicated 

by equation 4.7; 

Isc =  )(
1000

TrTcKiIscr
G

          (4.7) 

where, Tr is the temperature in kelvin at STC, Tc is the cell temperature in kelvin, Iscr is the short 

circuit current at STC, Ki is the temperature coefficient and G is the solar irradiation in Watts/m2. 
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The cell temperature is a function of ambient temperature (Ta) and irradiation G given by 

equation 4.8; 

           

  (4.8) 

where, NOCT is the nominal operating cell temperature. 

When I =0, then the output voltage is termed as the open circuit voltage Voc given by equation 

4.9; 

))(1ln(
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Voc            (4.9)  

4.9 Fill Factor (FF) 

 

The Fill Factor (FF) is a measure of quality of the solar cell. It is calculated by comparing the 

maximum power to the theoretical power (PT). FF can also be interpreted graphically as the ratio 

of the rectangular areas depicted in figure 4.5. 
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Figure 4.5: Schematic illustration of I-V sweep curve showing Pmax, Voc, Isc and Imp   

 

A larger fill factor (approximately = 1) is desirable, and corresponds to an I-V sweep that is more 

square-like. Typical fill factors range from 0.5 to 0.82 (http://www.Solmetric.com, 2011). Fill 

factor is also often represented as a percentage. 

4.10 Efficiency (η) 

 

Efficiency is the ratio of the electrical power output (Pout), compared to the solar power input 

(Pin), into the PV cell. Pout can be taken to be PMAX since the solar cell can be operated up to its 

maximum power output to get the maximum efficiency. 

   =
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P
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P
           (4.10) 

Pin is taken as the product of the irradiance of the incident light, measured in W/m2 or in suns 

(1000 W/m2), with the surface area of the solar cell [m2].  

 

http://www.solmetric.com/
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

5.1 Determination of the Temperature Co-efficient 

 

While determining the Voc and Isc temperature co-efficients, one module from each technology 

was selected i.e. mono crystalline, polycrystalline and amorphous. The I-V curves of each 

module type were collected at cell temperatures ranging between 10 – 25 degrees Celsius. The Isc 

and Voc values were read from the curves and graphs of Voc against temperature and Isc against 

temperature were drawn. The slope of the graphs of each module type was generalized to the 

other three modules of the same kind and the parameters α and β were determined. Where α is 

the voltage temperature coefficient and β is the current temperature coefficient. 

Table 5.1: Temperature coefficients 

Module type   Β 

Mono crystalline -0.0428 0.0467 

Polycrystalline -0.0329 0.023 

Amorphous -0.0712 0.0175 

 

The obtained values were found to agree well with those found in literature (Ryan M. et al., 

2012). 
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5.2 Obtained Module Performance Parameter 

5.2.1 Measured Voc 

 

The open circuit voltage (Voc) of a cell is the voltage of the cell when the current is zero. From 

the obtained results, the Voc was found to have undergone degradation within the first four 

months of exposure. The amorphous module type registered a higher degradation of Voc 

compared with the mono crystalline and the polycrystalline module types. This was attributed to 

a large layer of dust that covered the module as indicated in figure 5.4. Figure 5.1 shows 

variation of Voc with the number of days of exposure. From the graph a gradual drop in Voc is 

observed.  The 10W mono crystalline was found to degrade faster as compared to 20W and 15W 

modules.   

y = -0.0057x + 19.683 

y = -0.0038x + 19.626 

y = 0.0014x + 19.276 
15

16

17

18

19

20

21

22

1 11 21 31 41 51 61 71 81 91 101 111

V
o

c 

Days  

10W monoVoc

15W monoVoc

20WmonoVoc

Linear (10W monoVoc)

Linear (15W monoVoc)

Linear (20WmonoVoc)

 

Figure 5.1: Graph of normalized Voc against number of days for the mono crystalline modules  

 



36 

Figure 5.2 shows normalized graphs of Voc against time for polycrystalline modules. From the 

graphs it can be observed that there is general drop in Voc for all the modules. 10W 

polycrystalline module has a higher drop.   
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Figure 5.2: Graph of normalized Voc against number of days for the polycrystalline modules  

 

Figure 5.3 shows graphs of Voc against number of days for the amorphous modules. From the 

graphs it is observed that the Voc of the amorphous modules experienced the Staebler-Wronski 

degradation effect within the first thirty days of employment. 

  Figure 5.4 is a graph of Voc for amorphous modules against the first forty days of exposure. 

From the graph it is noted that the modules experienced the Staebler-Wronki effect.  This is the 

degradation mechanism that occurs when amorphous silicon is first exposed to sunlight. 
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Figure 5.3: Graph of normalized Voc against number of days for the amorphous module type  
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Figure 5.4: Graph showing the Staebler-Wrosnki Effect on Voc of the amorphous module 

 

Figure 5.5 is a graph of Voc against number of days for amorphous modules after Staebler-

Wronski Effect. It is noted that the 10W and 15W modules shows stability after forty days of 
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exposure while the 18W module does not. This shows that apart from the degradation as a result 

of first exposure, the 18W module continues to experience reduction in Voc as a result of the 

layer of dust that is continuing to increase covering more cells. 
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Figure 5.5: Graph of Voc against days for the next eighty days after Steabler-Wronski degradation 

 

Figure 5.6 shows the 18W amorphous modules covered by a large layer of dust. This module had 

a higher drop in Voc compared with the other amorphous modules since a large portion of its cells 

were shaded by the dust particles. It was possible to clean the modules with water so that their 

output is not interfered with but this was not done since most of the module consumers in Kenya 

do not clean their modules once they mount them outside. The modules were therefore allowed 

to experience the real outdoor conditions.  
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Figure 5.6: 18W amorphous module type showing a portion of cells covered by a thick layer of 

dust  

5.2.2 Measured Short Circuit Current (Isc) 

Figure 5.7 is a graph of Isc against number of days for the mono crystalline modules. From the 

graphs it is noted that there is negligible change in Isc for the three mono crystalline modules. 
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Figure 5.7: Graphs of normalized Isc against number of days for the mono crystalline modules 

 

Figure 5.8 is a graph of Isc against number of days for the polycrystalline modules. From the 

graphs it can be seen that there is very little change in Isc with the number of days for the 

polycrystalline modules. 
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Figure 5.8: Graph of Isc against number of days for the polycrystalline modules 

 

Figure 5.9 is a graph of Isc against number of days for the amorphous modules. From the graphs 

it is noted that there is very little variation in the amount of current produced by the three 

modules. Thus the Isc of the modules is found not to degrade with the time of exposure. 
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Figure 5.9: Graph of Isc against number of days for the amorphous modules 
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5.2.3 Measured Maximum Power (Pmax) 

The measured Pmax was found to be below the Pmax specified by the manufacturers in most of the 

modules other than the 10W mono crystalline which was giving 10.7W and 10W polycrystalline 

with 11.4W. The 10W polycrystalline module indicated a higher rate of degradation as compared 

to the 15W and 20W polycrystalline modules. The daily inspection of the modules revealed cells 

that are damaged as a result of overheating as seen in figure 5.13. 

Figure 5.10 is a graph of maximum power against the number of days for the mono crystalline 

modules. From the graphs, the 10W mono crystalline modules registered a higher rate of 

degradation while the 20W mono crystalline had the least.    
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Figure 5.10: Graph of maximum power (Pmax) against number of days for the mono crystalline  

Figure 5.11 is a graph of maximum power (Pmax) against the number of days for the 

polycrystalline modules. From the graphs the 10W polycrystalline module degraded more while 

the 15W module had the least rate of degradation. 
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Figure 5.12 is a graph of maximum power (Pmax) against number of days for the amorphous 

module type. From the graph it is noted that the 15W amorphous module had a higher rate of 

degradation compared with the other amorphous modules. It is also noted that the maximum 

power quoted by manufacturers did not match the measured power of day one in the three 

modules. 

Figure 5.13 is a picture of a 10W polycrystalline module. It shows a portion of cells that were 

damaged as a result of overheating on the module. This caused the 10W polycrystalline module 

to register a higher rate of degradation in comparison with the others.  
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Figure 5.11: Graph of maximum power (Pmax) against number of days for the polycrystalline 

modules  
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Figure 5.12: Graph of maximum power (Pmax) against number of days for the amorphous 

modules  

 

Figure 5.13: Picture of the 10W polycrystalline module defect  

 

5.2.4 Measured Efficiency 

 

The efficiency of the modules was found to have degraded within the first four months of 

exposure. The 20W mono crystalline module had the lowest efficiency compared with the other 

mono crystalline modules. This was attributed to defects which may have gone unnoticed during 

the time of manufacture. The 10W polycrystalline module had the highest rate of degradation 

compared with the other polycrystalline modules. The amorphous module type had the lowest 

efficiency of less than 6 % among the three technologies that were studied. 
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Figure 5.14 is a graph of efficiency against number of days for the mono crystalline modules. It 

is noted that the 10W mono crystalline module had a higher rate of degradation compared with 

the other three modules. The 20W module had the least efficiency while the 15W module had the 

highest.   
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Figure 5.14: Graph of efficiency against number of days for the mono crystalline modules 

 

Figure 5.15 shows a graph of variation of efficiency with number of days of exposure for the 

polycrystalline modules. From the graph, rapid drop in efficiency is observed. The 10W 

polycrystalline module has been found to degrade faster as compared to the 15W and 20W 

modules. 
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Figure 5.15: Graph of efficiency against number of days for the polycrystalline modules 

Figure 5.16 shows a graph of variation of efficiency of amorphous modules with the number of 

days of exposure. From the graph it is observed that there is a drop in efficiency in the three 

modules with the 15W module degrading faster than the others.     
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Figure 5.16: Graph of efficiency against number of days for the amorphous modules 
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5.3 Summary 

1. The modules indicate a decrease in Voc with time. The Voc of amorphous modules 

indicates a higher rate of degradation compared to the mono crystalline and 

polycrystalline modules. Within the first thirty days of exposure, the amorphous modules 

clearly show the Staebler -Wronki degradation effect. 

2. The short circuit current (Isc) of the three technologies indicate a very small change with 

the number of days of exposure. This is not unusual since Isc unlike the Voc indicates a 

very minimal change with time of exposure.  

3. The maximum power (Pmax) of all the modules indicates a degradation trend. It was also 

noted that the Pmax quoted by manufactures in most of the modules could not match the 

measured Pmax for day 1. 

4. The daily inspection on the modules revealed a defect in the 10W polycrystalline module 

that highly contributed to its low performance. 

5. The efficiency of the amorphous modules was found to range between 3% - 5%which 

was low compared that of mono crystalline and polycrystalline modules whose efficiency 

was above 10%.  
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

 

The research investigated the performance of silicon-based photovoltaic modules that are found 

in the Kenyan market. The main contribution of this work is to equip the photovoltaic module 

consumers within the Kenyan market with the knowledge on the modules available in the 

market, and their performance when exposed to the tropical climate. It was clear that all the 

modules experienced degradation. While all the modules degraded, the efficiencies of the mono 

crystalline and polycrystalline module type was quite high (above10%) while the efficiency of 

the amorphous modules was quite low (5% and below). It was also noted that at high irradiance 

(above 800W/m2) the temperatures of the mono crystalline modules and polycrystalline modules 

were higher compared to the amorphous module. The maximum power of the modules was 

found to be lower than that quoted by the manufactures in most cases. 

6.2 Recommendations  

This study has made some meaningful contribution by evaluating the performance of 

photovoltaic modules available in the Kenyan market. However, there still some considerations 

that could be made to equip the Kenyan photovoltaic module consumers with the knowledge of 

the modules that can serve them best and give them the value for their money. For this reason 

further work need to be done on the following areas to equip the user adequately: Determining 

the performance parameters of the modules when driving a load. It is expected that the photo 

degradation experienced by the modules differs depending on whether the module is under load, 

at short circuit conditions or at open circuit condition. 
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The performance parameters of the modules should be determined for a whole year so that the 

full weather patterns can be taken into account in establishing the stability of the modules. 

Since there are other module technologies and new manufacturers have joined the photovoltaic 

market, it is important to compare their performance with those that are existing so that the 

module consumers in Kenya can get those that can serve them best. 

There is also a need for the government of Kenya policy makers to set up a well-equipped 

laboratory for testing the modules that are imported from time to time to shield the Kenyan 

consumer from unhealthy exploitation as well as making sure that the country does not become a 

damping site for inferior modules.   

Finally, it is important that the performance of the modules be evaluated while using a solar 

tracking device so that maximum irradiance is utilized.     
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APPENDIX A 

Table A.1: Manufacturers Specifications for Mono Crystalline Modules 

Module type  manufacturer Isc 

(A) 

Voc 

(V) 

Imp 

(A) 

Vmp 

(V) 

Efficiency 

(%) 

Fill Factor 

(FF) 

10W mono 

crystalline 

Sunshine 

solar- 

Germany 

0.63 22.05 0.57 17.5 14 0.72 

15W mono 

crystalline 

Euro solar 0.95 21.8 0.87 17.2 18.3 0.72 

20W mono 

crystalline 

Euro solar 1.28 21.8 1.16 17.2 13.5 0.72 

 

 

 

 

 

 

 

Table A.2: Manufacturers Specifications for Polycrystalline Modules 
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Module 

type 

Manufacturer Isc 

(A) 

Voc 

(V) 

Imp 

(A) 

Vmp 

(V) 

Efficiency 

(%) 

Fill Factor 

(FF) 

10W Robin:Shangai:Talen power 

Ltd,China 

0.65 21.6 0.57 17.5 12 0.71 

15W Shunshine: Germany 0.95 22.05 0.85 17.5 15 0.71 

20W Shunshine: Germany 1.27 22.05 1.14 17.5 15.3 0.71 

 

Table A.3: Manufacturers Specifications for Amorphous Modules 

Module 

type 

manufacturer Isc 

(A) 

Voc 

(V) 

Imp 

(A) 

Vmp 

(V) 

Efficiency 

(%) 

Fill Factor 

(FF) 

10W Trony Solar 

Corporation 

0.85 26.7 0.56 18 2.7 0.44 

15W France 1.0 25 0.75 16 4.5 0.48 

18W Phoenix 1.0 21.0 0.87 19 4.4 0.79 

 


