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ABSTRACT 

The huge environmental awareness emerging last years by reason of global warming 

and greenhouse effect, on one hand, and the need of finding other sources of energy 

production and conversion due to the declining of fossil resources and the increasing 

cost of this kind of energy resource, on the other hand, both have led position 

renewable energies as a powerful alternative on the energy production and conversion. 

PV-systems have emerged at an exponential rate in recent year as the main candidate 

and a satisfactory possibility with respect to environmental and economic sustainability. 

Nowadays, the large volume on photovoltaic market is currently dominated by four 

types of solar cells, divided by the semiconductor material used to absorb light and 

convert the energy into electricity: (1) crystalline silicon (monocrystalline and 

polycrystalline), (2) amorphous silicon, (3) CIGS and (4) cadmium telluride; and among 

them, monocrystalline silicon and CIGS technologies are installed on the building 45 of 

the University of Gävle, at the south face of the laboratory. 

In this context and with the motivation to contribute knowledge on PV field, a 

comparison between single crystal solar technology and thin film CIGS technology has 

carried out through f ratio and performance ratio procedures in order to perform an 

assessment of the energy conversion of each one under field conditions. 

A logger monitors the power conversion from the PV modules since June 2014 while two 

pyranometers monitor global and diffuse solar radiation since March 2016. It must take 

into account that only clear sunny days have been considered during a period from 8:00 

to 14:00 in order to avoid shadows effect on the PV systems. 

The results come to conclude that single crystal silicon modules present a better 

behavior with respect to energy conversion under no shadows effect conditions by two 

reason: (1) f ratio, relationship of PV conversion per kW (PV yield) between CIGS and 

single crystal silicon, is about 87.25% with some variations along a day due to ambient 

temperature, cell temperature and incidence angle; (2) PV module's performance ratio 

of monocrystalline silicon modules is higher than thin film CIGS ones during a sunny day 

about 87.56% and 76.38%, respectively; and they are consistent with usual performance 

ratio values between 80% and 90% since 2010 onwards. 

In light of the outcome and in order to confirm these conclusions, it intends to launch a 

project with the objective of evaluating the data collected and compare the 

performance of the module after a year of measurements outdoors by the PV module's 

performance ratio procedure.  

Along the same lines, the next step of the University of Gävle will be to launch a project 

with the objective of evaluating the potential to be self-sufficient. 
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1. INTRODUCTION  

 OVERALL OVERVIEW :  PROBLEM DESCRIPTION  1.1.

The performance of a PV-system is given by the output in kWh per installed kW during a 

given time period. An assessment of the efficiency under realistic conditions in the 

Swedish climate about CIGS thin film solar and monocrystalline silicon technology is the 

aim of this M.Sc. Dissertation. They are two of the leading PV market technologies.  

In this day and age, the present world rate of energy consumption is alarming in view of 

the rapid depletion of existing conventional resources. Most energy resources come 

mainly from non-renewable resources such as coal, oil and natural; they are the 

principal fuel-based energy sources or fossil fuels. 

In addition, there are two linked issues more than must be considered. On one hand, 

fossil fuels are the main source of pollution in the world and are the main reason of 

global warming. Carbon monoxide (CO), Nitrogen oxides (NOx), particulate matter or 

soot (PM) and unburnt hydrocarbons (HC) are the pollutants that that come from the 

combustion of fossil fuels and must be regulated by European Union Directive. 

Particularly, the main reason of global warming is the increase of concentration of CO2 in 

the atmosphere. Energy demand, on the other hand, has been increasing dramatically in 

the last years, much more than the population growth. 

Energy usage is one of the most important concerns for the future and development of 

humanity. Accordingly the economic activity is strongly related with the availability of 

energy resources. 

The rationale for the project is due to two causes: 

1. The huge environmental awareness emerging last years by reason of global 

warming and greenhouse effect. 

2. The need of finding other sources of energy production due to the lack of fossil 

resources and the increasing cost of this kind of energy resource. 

Both causes have led position renewable energies as a powerful alternative on the 

energy production and conversion. Solar, wind, hydro, biomass, geothermal and ocean 

energy (and nuclear energy could be also included) are within these types of energy. 

As the world moves onto more clean and sustainable energy options, solar energy is 

expected to be the main sustainable choice in order to minimize the consumption of 

fossil fuels and reduce worldwide total emissions of regulated pollutants that they 

generate during energy conversion. 

There is widespread availability of resources to generate electricity from solar energy. 

Photovoltaic (PV) energy is expected to be the main candidate for sustainable energy 

production, which meets the worldwide energy demand [1]. 
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With the declining cost of solar energy technologies and the depletion of fossil fuels; PV 

solar energy has emerged throughout the world at an exponential rate in recent years, 

offering clean, bill-free, cheaper and sustainable solutions to our energy needs [2]. 

The most common solar energy is photovoltaic energy because of their great 

advantages, which is case of this project: 

 Their resources are unlimited at a human scale. 

 It is very friendly with the environment. 

 The maintenance is simple and inexpensive. 

 Photovoltaic panels have a life expectancy up to 25 years. 

 The cost decreases as technology progresses. 

Conversely, the drawbacks are: 

 Installation costs are high; it requires a large initial investment. 

 A wide expanse of land is required to collect large-scale power. 

 The aesthetics of the structures is not pleasant for users. 

 Require skilled labor for installation work. 

 Influence of the global solar radiation. 

PV systems have been considered a satisfactory possibility with the environmental and 

economic sustainability. In this way, two different technologies are installed in the 

laboratories of University of Gävle. 9 modules are made of CIGS thin film solar cells and 

24 modules are made of monocrystalline silicon solar cells, of which 18 belong to 3 

common PV systems and 6 to photovoltaic tracker system. This tracker PV system is out 

of scope of the project. A logger monitors the power production from the PV modules 

which is logged every minute since June 2014. Two pyranometers monitor global and 

diffuse solar radiation since March 2016. These data should be used for comparison of 

the output of the different systems, being the aim of the project. 

During the last years, several research studies have been carried out by many 

companies, research centers and universities in order to improve the performance of 

solar energy applications and the behavior of solar cells on different locations as well as 

new technologies and devices have come up in the photovoltaic field. 

Similar comparisons have been made on these and other climatic regions of the Earth. 

Uppsala University conducted comparing energy production technologies for the four 

most important market solar cells [3]. Golden (Colorado, from United State of America) 

and Ljubljana (Slovenia) are cities abroad whose data of performance have been 

reported [4]. 

On the other hand, new technologies try to come up. Ubiquitous Energy, Inc. (California, 

from USA) has been working on Clear View Power™ technology. This is the first truly 

transparent solar technology, allowing any surface to convert ambient light into useful 
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electricity without impacting the way it looks. Two thirds of the light available for energy 

harvesting is in the ultraviolet and the infrared, leading to practical efficiencies over 10% 

while maintaining up to 90% visible transparency. This approach suffers from a tradeoff 

between transparency and efficiency [5]. 

The performance of a PV system is given by the output in kWh per installed kW during a 

given time period. CIGS modules need a larger area than silicon modules to give 1 kW of 

peak output, since the m-Si efficiency at Standard Test Conditions (STC) is higher. It is 

expected that the output in kWh/kW is higher for the CIGS module since its performance 

is less dependent of module temperature and angular of incidence than the silicon 

module. 

 

 TARGET ,  SCOPE AND LIMITATIONS  1.2.

This M.Sc. Dissertation is part of the experimental activities carried out in the laboratory 

of the Faculty of Engineering and Sustainable Development in the Department of 

Building, Energy and Environmental Engineering at the University of Gävle. This project 

is being conducted in about three months and it finishes in June 2016. 

The main goal of the project is the comparison of the performance between CIGS thin 

film solar modules and single crystal silicon modules. Thus different technologies of solar 

cells are compared by its electrical performance on the Sweden's weather. 

In this way, the project scope includes: 

1. Collection of monitored data from July 2014 to May 2016. 

2. Assessment of the measures by means of data processing software. 

3. An analysis of the data will be carried out and the different modules 

(monocrystalline silicon and CIGS thin film) will be compared in order to 

understand its behavior. 

4. The results will be compared with the results from other scientific articles in 

order to compare, discuss and analyze the results. 

5. A report will be written through the IMRaD structure (Introduction, Method, 

Results and Discussion). 

The evaluation of measurements and its performance allow understand the behavior of 

each material and how varies on a particular location depending on several affecting 

parameters. 

It must be stated fill factor is out of the scope. They are able to infer directly on the 

performance of the module as a result of total module area is not receiving the highest 

solar energy possible. For this case of study, fill factor is equal to unit; this means an 

analysis over the solar cells along period of time when shadows are not affecting on the 
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solar cells, from 8:00 to 14:00. In addition, don't forget tracker PV system is also out of 

scope of the project. To conclude, the short period of irradiance data represents a scope 

constraint. 

 

 DISPOSITION  1.3.

The report of this Master thesis is structured into six chapters. 

The first chapter belongs to an overview of this project, that is, some notions about the 

current state of energy resources and renewable energies, the rationale, target, scope 

and constraints of the project, the state of similar projects at this time and expected 

results for this case of study. 

The second chapter is related the background and literature survey about the main keys 

of solar energy, from the sun to the Earth, description and different types of solar cells, 

important factors about the general behavior of PV cells such as the relationship 

between power and efficiency. 

Once all the knowledge necessary have been explained in order to get a better 

understanding of the project work; the third chapter belongs to the experimental 

methodology where is explained, in a few words, the used experimental equipment to 

measure the required data as well as the operating conditions and the experimental 

procedure. 

Results are reported in the fourth chapter for the PV yield as a function of solar radiation 

and PV conversion, PV yield and f ratio as a function of the time; every parameter are 

based on each solar cell technology type. 

Assessment of PV modules results is carried out in the fifth chapter by means of a 

comparison with the previous summary of the current state-of-the-art of solar cell 

technologies displayed in the second chapter. 

As a final point, after conducting researches, the sixth chapter presents the conclusions 

as well as possible future works are propounded. 
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2. BACKGROUND AND LITERATURE SURVEY  

 SOLAR RADIATION  2.1.

2.1.1.  THE SP ECTR AL DI ST RIBU TION  O F T HE SO LAR  R A DI ATIO N  

The solar radiation towards the Earth is in an average 1367 W/m2 for a surface towards 

the sun outside the atmosphere. The radiation varies from the maximum value of 1412 

W/m2 at New Year to about 1322 W/m2 in the beginning of July. This is due to the 

elliptic orbit of the Earth. The average value is 1367 W/m2, called the solar constant, 

accepted by the organization “The World Radiation Center (WRC)”, and has an 

accuracy of about 1 % [6]. The solar radiation can be divided into three parts: 

1. Ultra violet radiation with wave length (λ) shorter than 0.38 μm (UV). 

2. Visible light with wavelength between 0.38 and 0.78 μm (VIS). 

3. Infra-red radiation with wave length larger than 0.78 μm (IR). 

 

Fig.  2.1. Beam Normal Spectral Irradiance per wavelength before and after the influence 

from the atmosphere. 

Spectral intensity distribution of the direct radiation before and after passing the 

atmosphere a clear day as a function of wavelength is displayed in Fig.  2.1. One large 

difference between the two curves is for wavelengths below 0.6 μm and caused by so 

called Rayleigh scattering of radiation from the molecules in the air. 

2.1.2.  TOT AL RADI ATION  AN D S EPARATION  O F R ADI ATI ON  

Total radiation (G) is the sum of the different types of radiation towards a tilted 

surface: beam direct radiation, diffuse radiation and ground reflected radiation. 

The irradiation against a surface at the ground consists of mostly direct and diffuse 

radiation. The diffuse radiation is photons that have been scattered in the atmosphere. 
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Measurements of solar radiation is normally performed for direct radiation 

perpendicular to the sun, Ib,n, with a pyrheliometer and the global total radiation 

towards the ground, Ih, with a horizontally tilted pyranometer. Knowing these two 

values the direct and the diffuse radiation can be calculated for any surface. 

The distribution of the diffuse radiation from the sky is uneven, anisotropic. The 

distribution is more even during cloudy days, more isotropic than clear days. The 

diffuse radiation can roughly be divided into three parts as is displayed in Fig.  2.2. 

1. Radiation from angles close to the sun, circumsolar. 

2. Radiation from the bright part of the sky, just above the horizon. 

3. Radiation from the rest of the sky. This part is assumed to be isotropic. 

 

Fig.  2.2. Different types of radiation towards a tilted surface. 

The three components of solar radiation are displayed in the Fig.  2.3. The total sum of 

solar radiation on a surface is named Total Solar Radiation (G): 

𝐺 = 𝐺𝑏 + 𝐺𝑑 + 𝐺𝑔 

where Gb is the direct radiation towards a tilted surface, Gd is the diffuse radiation, and 

Gg is the ground reflected radiation. 

 

Fig.  2.3. Components of solar radiation 
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Although there are other ways such as concentrators, typically, solar energy 

conversion can be produced by photovoltaic or solar thermal manner. Photovoltaic 

cells consist of semiconductor material which is able to transform solar radiation 

energy into electric energy. Solar thermal devices, on the other hand, use solar 

radiation to produce heat. 

 

 SEMICONDUCTORS  2.2.

Solar cells are manufactured from semiconductor materials. A semiconductor is a 

substance, usually a solid chemical element or compound, which acts as insulator at 

low temperatures but as conductor when energy or heat is available. 

In other words, it is a good medium for the control of electrical current by reason of be 

able to conduct electricity under some conditions but not others. 

Its conductance varies depending on the current or voltage applied to a control 

electrode, or on the intensity of irradiation by infrared (IR), visible light, ultraviolet 

(UV), or X rays. 

The specific properties of a semiconductor depend on the impurities, or dopants, 

added to it. On one hand, N-type semiconductors carry current mainly in the form of 

negatively-charged electrons, in a manner similar to the conduction of current in a 

wire. Phosphorus impurities in silicon generate the N zone, which is negative. P-type 

semiconductors, on the other hand, carry current predominantly as electron 

deficiencies called holes. Boron impurities in silicon generates P zone, which is positive. 

A hole has a positive electric charge, equal and opposite to the charge on an electron. 

In a semiconductor material, the flow of holes occurs in a direction opposite to the 

flow of electrons. 

Currently most commercially available PV solar panels are based on inorganic 

semiconductors-particularly silicon, which is the second most abundant material in the 

earth's crust. When photons in sunlight hit a silicon solar panel, the energy frees 

electrons to move between dissimilar silicon crystals, generating a current of 

electricity. Silicon solar cells are relatively inexpensive to manufacture, but they're not 

the most efficient at converting solar energy into electrical energy; their maximum 

power conversion efficiency (PCE) appears to be 25.6 % [7]. 
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 SOLAR CELLS  2.3.

2.3.1.  OP ER ATI NG P RIN CIP LE  

A solar cell, or photovoltaic cell, is an electrical device that converts the energy of light 

directly into electricity by the photovoltaic effect [8]. 

The photoelectric effect is the phenomenon in which light particles called photons, 

electrons impact with a metal pulling its atoms. One of the most common applications 

of the photovoltaic effect is in solar cells on rooftops, converting sunlight into 

electricity. Because of the photovoltaic (PV) effect, two dissimilar materials in close 

contact produce an electrical voltage when struck by light [7]. 

PV panels consist of a network of photocells; common components of a PV system are 

displayed in Fig. 2.4. 

 

Fig. 2.4. Assembly process from a solar cell to a PV system and common components of  a 

PV system [8]. 

 

2.3.2.  CO MMER CIAL SOLAR CELL S  T ECHNO LO GIES  

Nowadays, the large volume on photovoltaic market is currently dominated by four 

types of solar cells, as is displayed in Fig 2.5. They are divided by the semiconductor 

material used to absorb light and convert the energy into electricity: (1) crystalline 

silicon (monocrystalline and polycrystalline both), (2) amorphous silicon, (3) CIGS and 

(4) cadmium telluride. The last three are within the group called thin film solar cell. 
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Fig 2.5. Percentage of global annual production by PV technology [9]. 

Most is still the first generation of solar cells made of crystalline silicon, both 

monocrystalline and multi or polycrystalline silicon, which in 2010 accounted for 

approximately 88% of the market [10], as is displayed in Fig 2.5. 

Thin film techniques that emerged in the 1970s, also called the second generation of 

solar cells. They stayed in 2010 for the remaining 12% of the market, in line with Fig 

2.6. Here the semiconductor material is manufactured in the form of very thin layers 

that is on a support material, which is mainly used glass, metal or plastic. 

 

 

Fig 2.6. Percentage of global annual production by thin film PV technology [9]. 

 

Hereinafter there are classification and a description according to main solar cell 

technologies. 
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  SILICON  SOL AR CELLS   

1. Crystalline silicon solar cells 

Crystalline silicon (c-Si) is the crystalline forms of silicon, either polycrystalline silicon 

(p-Si) consisting of small crystals, or single crystal silicon (monocrystalline silicon, m-Si), 

a continuous crystal. Crystalline silicon is the dominant semiconducting material used 

in photovoltaic technology for the production of solar cells. 

Crystalline silicon technology is the first generation of solar cells, also called, 

conventional, wafer-based solar cells and includes monocrystalline (m-Si) and 

polycrystalline (m-Si) semiconducting materials. The crystalline silicon photovoltaic 

modules continue to dominate the market. There are two kinds according its 

molecular structure, monocrystalline and polycrystalline, as it is displayed in Fig.  2.7. 

 

Fig.  2.7. Silicon solar cells: a) monocrystalline silicon; b) polycrystalline  silicon 

The solar cell consists of a slice of crystalline silicon. The polycrystalline silicon can be 

produced cheaper than the monocrystalline silicon, but is less efficient. However, 

polycrystalline silicon is the most commonly used material in solar cell production, 

giving an effective compromise between high efficiency and low material cost [11]. 

These silicon wafers are now between 150 microns and 250 microns thick. 

As for how it is built, a PN junction is manufactured on the disc by converting the rich 

front of the silicon wafer typically p-type to n-type atmosphere heat treatment by 

phosphorus. The rear is fitted with an electrical contact of aluminum and the front 

pushed a fine network of leaders in a silver paste. 

The individual solar cells are connected in series and then encapsulated modules. The 

module front panel usually consists of tempered glass, while the rear rather may 

consist of a special plastic wrap dense. Typically, crystalline solar modules include a 

plastic film on the back. A sketch of a cross section through a silicon module is 

displayed in Fig.  2.8. 
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Fig.  2.8. Cross section diagram of silicon solar cell technology 

 

 

 THIN  FILM  SOL AR CEL LS  

Thin film solar cell, also called thin film photovoltaic cell, is a solar cell that is made by 

depositing one or more thin layers (thin film) of photovoltaic material on a substrate 

[12], [13]. Thin film technologies reduce the amount of active material in a cell. Since 

silicon solar panels only use one pane of glass, thin film panels are approximately twice 

as heavy as crystalline silicon panels, although they have a smaller ecological impact 

(determined from life cycle analysis) [14]. 

This sort of solar cells has a high absorption and their thicknesses are usually between 

100 and 200 μm. Depending on the main type of material used for the absorber layer, 

the classification is as follows: 

 

2. Amorphous silicon (a-Si) 

They are the first commercial thin film solar cells and made of amorphous silicon, 

where the silicon atoms are not well ordered in a crystal lattice, they are in a random 

distribution. 

In this way, silicon has a much higher absorption of light, thus, a thickness of less than 

1 micron is enough for solar cell module. Typically, solar cells on amorphous silicon 

have considerable lower solar cell efficiency. 

Since the solar cell module are often made on a glass plate in a configuration called 

superstrate, where the light hits the solar cell through the glass, and then come back; 

here consists of an opaque plastic film. 
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3. CIGS: Copper Indium Gallium (Di)Selenide (Cu Inx Ga(1-x) Se2)  

CIGS photovoltaic technology is worldwide being considered as potential candidate to 

replace conventional Si based technology in making of solar cells. The basic 

components of a CIGS solar cell is the Cu (In, Ga) Se2 absorber layer, where the 

conversion of photons into electron-hole pairs takes place. 

CIGS is an abbreviation of the chemical compound Cu (In, Ga) which is the central 

component of CIGS solar cells. CIGS is a semiconductor material which is especially 

suitable for thin film solar cells, where it is used as a thin layer with a thickness of 

about 2 microns. All types of thin film CIGS solar cells have reached so far the highest 

efficiency and therefore are considered to have the best potential in the market. 

In terms of construction, CIGS thin film modules are mainly manufactured in a glass 

substrate in which first makes contact again directly on the glass. A glass on the front 

allows the passage of light in the solar cell module, while ensuring good long term 

stability. Fig 2.9 (b) displays a cross section diagram through a CIGS module. 

 

4. Cadmium telluride (CdTe) 

As in amorphous silicon modules, modules cadmium telluride may be in the 

superstrate configuration, and the back of the module can consist of a plastic film 

opaque. Since both cadmium and tellurium are toxic heavy metals, a critical aspect is 

to realize steady and reliable sealing modules. Most producers use a sheet of glass on 

the back. A cross section diagram through a CdTe module made of glass-laminated 

glass is displayed in Fig 2.9 (a). 

 

 

Fig 2.9. Cross section diagram of different thin film solar cell technologies:                                       

a) cadmium telluride; b) CIGS 
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 EFFICIENCY OF A PV  MODULE  2.4.

2.4.1.  DEFINI TION  

Energy conversion efficiency is measured by dividing the electrical output by the 

incident light power. Factors influencing output include spectral distribution, spatial 

distribution of power, temperature, and resistive load. IEC standard 61215 is used to 

compare the performance of cells and is designed around standard (terrestrial, 

temperate) temperature and conditions (STC): irradiance of 1 sun (1000 W/m2), a 

spectral distribution close to solar radiation through AM (airmass) of 1.5 and a cell 

temperature 25 °C. The resistive load is varied until the peak or maximum power point 

(MPP) is achieved. The power at this point is recorded as Watt-peak (Wp). The same 

standard is used for measuring the power and efficiency of PV modules [15]. 

This means the conversion efficiency of photovoltaic modules varies with irradiance 

and temperature in a predictable fashion, and hence the effective efficiency averaged 

over a year under field conditions can be reliably assessed and determine the annual 

energy output of the system [4]. 

The efficiency (η) of a cell with area A is defined as: 

𝜂 =
𝑃

𝐺 · 𝐴
 

where P is the power in W; A is the area in m2; and G is the irradiance in W/m2. 

The power of a module is measured at the standard irradiance of 1000 W/m2, cell 

temperature of 25 °C, and normal incidence of 0°. These conditions are named 

Standard Test Conditions (STC), with which is obtained STC efficiency (ηSTC). This is 

also the maximum power in Wp. 

The output energy E in kWh of a module is defined as: 

𝐸 = 𝜂 · 𝐴 · 𝐻 = 𝑃𝑝𝑒𝑎𝑘 · 𝐻 

where A is the area in m2; η is the efficiency; and H is the irradiation in kWh/ m2 during 

a period. 

This means that PV systems with an equal peak power should give the same energy 

output. However, in practice energy output is lower than energy output at STC and is 

defined as: 

𝐸 = 𝜑 · 𝑃𝑝𝑒𝑎𝑘 · 𝐻 

where φ is a capacity factor, which depends on temperature of module during 

operation and on angle of incidence. Common values are between 0.85 and 0.9 

because the operating temperature of the module is higher than 25 °C and the angle of 

incidence is larger than 0°. The performance at real conditions is named effective 

efficiency, ηeff. 
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Despite being an uncommon fact, capacity factor can be more than the unity, as is 

displayed in Fig 2.10, depending on series resistance values [4]. 

 

Fig 2.10. Variation of STC efficiency and effective efficiency for C IGS module as a function 

of series resistance [4] 

Capacity factor is the most universal parameter for comparison of PV module outdoor 

performance; also known as PV module's performance ratio (PRM) among research 

community [4] is defined as the effective efficiency to STC efficiency ratio: 

𝑃𝑅𝑀 =
𝜂𝑒𝑓𝑓

𝜂𝑆𝑇𝐶
=

𝑌𝑀 · 𝑃0

𝐴𝑆𝐸
 

Where YM is the PV module’s annual yield (kWh/ yr/ kWp), P0 is the STC irradiance (1 

kW/m2), and ASE is the annual solar energy per unit area (kWh/ m2/ yr). 

Below is explained why CIGS modules need a larger area than Si modules to give 1 kWp 

of peak output, since the Si efficiency is higher. Table 2.1 displays areas for each solar 

cell technology at STC for obtaining 1 kWp. 

𝜂 =
𝑃

𝐺 · 𝐴
=

1 [𝑘𝑊𝑝]

1 [
𝑘𝑊
𝑚2 ] · 𝐴

⟹ 𝐴 =
1

𝜂𝑆𝑇𝐶
 

Table 2.1. Areas for different types of solar cells technologies for obtaining 1 kW p at 

standard irradiance, 1 kW/m
2
 

Type of solar cell STC-Efficiency Effective area (η·A) Area [m2] 

m-Si 15.27% 1 m2 6.55 m2 

p-Si 13% 1 m2 7.7 m2 

a-Si 6% 1 m2 16.7 m2 

CIGS ≥ 11.2% 1 m2 8.93 m2 
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2.4.2.  FACTOR S  AFFECTIN G ENE RGY  CO NV ER SION  EFFI C I EN CY  

Several factors affect a cell's conversion efficiency value, including its reflectance 

efficiency, thermodynamic efficiency, charge carrier separation efficiency, and 

conduction efficiency values [15]. Because of these parameters can be difficult to 

measure directly, other parameters are measured instead. 

The IV-curve characterizes the performance of a solar cell and a PV module. The 

maximum output power is given by the maximum power point MPP. The current at 

maximum power is called IMPP, measured in amperes A. The voltage at maximum 

power is called VMPP, measured in volts V. 

𝑃𝑀𝑃𝑃 = 𝑉𝑀𝑃𝑃 · 𝐼𝑀𝑃𝑃 

The maximum current is called short circuit current ISC, given when voltage is equal to 

zero and measured in amperes A. The maximum voltage is called open circuit voltage 

VOC, given when current is equal to zero and measured in volts V. 

Accordingly, three important factors about the general behavior of solar cells are 

explained below: 

1. The output power, that a solar cell can generate, is increasing as higher 

irradiance values affecting maximum power point parameter MPP; as is 

displayed in Fig.  2.11. (a). 

2. If the cell operating temperature increases the power output will drop as is 

displayed in Fig.  2.11. (b). Output power varies according to temperature 

coefficient of PMPP, γ, measured in %/ °C. This parameter depends on kind of 

material as is displayed in Table 2.2. 

3. Shadow effect is measured by the fill factor FF. Not being equally illuminated 

has an adverse effect on all cells' performance. An array partly shaded will not 

have a sufficient power output. Despite empirical formulas, the FF is most 

commonly determined from measurement of the IV curve and is defined as the 

maximum power divided by the product of Isc and Voc: 

𝐹𝐹 =
𝐼𝑀𝑃𝑃 · 𝑉𝑀𝑃𝑃

𝐼𝑆𝐶 · 𝑉𝑂𝐶
 

Table 2.2. Maximum power depending on cell temperature for each kind of technology with 

a temperature difference of 30 °C 

 m-Si CIGS 

γ -0.44 [%/°C] -0.38 %/°C 

PMPP-STC (25 °C) 195 [W] 105 W 

% (∆T=30 °C) -13.2 % -11.4 % 

PMPP (55 °C) 169 W 93.03 W 
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Fig.  2.11. Affecting solar cells parameters: a) Irradiance effect;  b) Cell temperature effect  

 

2.4.3.  THEO R ETI CAL  LI MIT :  SHO CK LEY  QUEI SS ER LI MIT  

Shockley Queisser Efficiency Limit refers to the maximum theoretical efficiency of a 

solar cell using a single p-n junction to collect power from the cell. 

The limit places maximum solar conversion efficiency around 33.7% assuming a single 

p-n junction with a band gap of 1.34 eV [16], using a cell operated at 25 °C and 

illuminated by the AM 1.5G spectral irradiance according to ASTM G173-03 standard, 

as is displayed in Fig 2.12. That is, of all the power contained in sunlight falling on an 

ideal solar cell (about 1000 W/m²), only 33.7% of that could ever be turned into 

electricity (337 W/m²). Silicon, the most popular commercial solar cell material, has a 

less favorable band gap of 1.1 eV.  The maximum efficiency is found to be 30% for an 

energy gap of 1.1 eV [17], [18]. Modern commercial single crystal solar cells produce 

about 24% conversion efficiency, the losses due largely to practical concerns like 

reflection off the front surface and light blockage from the thin wires on its surface. 

 

Fig 2.12. PV conversion efficiency as a function of energy band gap 
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The Shockley Queisser limit only applies to cells with a single p-n junction; cells with 

multiple layers can outperform this limit. In the extreme, whereas under 1 sun 

irradiance (1000 W/m2), a single solar cell only converts 30% of the solar energy, a 

tandem structure of two cells (it means two-layers cell) can reach 42%, a tandem 

structure of three cells can convert 49%, and a theoretical infinity-layer cell 68% in un-

concentrated sunlight. Under the highest possible light concentration, these 

efficiencies are 40% (one-layer cell), 55% (two-layers cell), 63% (three-layers cell), and 

a theoretical infinity-layer cell of 68% in concentrated sunlight [19]. 

 

2.4.4.  EXP ERI MENT AL LI MI T :  CO MMER CI AL AN D R ESEAR CH FI ELD .  

Experimental values at Standard Test Conditions (STC) and Normal Operating Cell 

Temperature (NOCT) are reported in this section in order to perform a comparative 

analysis later in chapter number 5. 

An extensive listing of the highest independently confirmed efficiencies for solar cells 

and modules is presented since July 2014. For a better understanding of the 

parameters go to Progress in Photovoltaics: Research and Applications [20]. 

The highest present-day confirmed terrestrial efficiencies under ASTM G-173-03 global 

standard is displayed in Table 2.3 

Table 2.3. Confirmed terrestrial module efficiencies measured under the global AM1.5 

spectrum (1000 W/m2) at a cell temperature of 25 ºC (IEC 6090-3: 2008, ASTM G-173-03 

global) 

Classificationa Effic.b (%) Area (cm2) Voc (V) Isc (A) FFc (%) 

Si (crystalline) 22.9±0.6 778 5.60 3.67 80.3 

Si (large crystalline) 22.4±0.6 15775 69.57 6.341 80.1 

Si (polycrystalline) 18.5±0.4 14661 38.97 9.149 76.2 

CdTe 17.5±0.7 7021 103.1 1.553 76.6 

CIGS (Cd free) 17.5±0.5 808 47.60 0.408 72.8 

CIGS (thin-film) 15.7±0.5 9703 28.24 7.254 72.5 

a-Si/nc-Si (tandem) 12.2±0.3 14322 202.1 1.261 68.8 

 
a
a-Si = amorphous silicon/hydrogen alloy; nc-Si = nanocrystaline or microcrystalline silicon. 

b
Effic. = efficiency. 

c
FF = fill factor. 

 

Fig 2.13 and Fig 2.15 are reported by Fraunhofer Institute for Solar Energy Systems, ISE 

in Freiburg (Germany) with date of 11/03/2016 [9]. It must be stated these data 

(version 47) are consistent with Table 2.3 (version 45). 

An efficiency comparison of each technology between best lab cells and best lab 

modules is displayed in Fig 2.13, while the development of Laboratory Solar Cell 

Efficiencies is displayed in Fig 2.15. 
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The record lab cell efficiency is 25.6 % for monocrystalline and 20.8 % for 

polycrystalline silicon wafer-based technology. The highest lab efficiency in thin film 

technology is 21.0 % for CdTe and 20.5 % for CIGS solar cells. 

 

Fig 2.13. Efficiency comparison of technologies: best lab cells versus best lab module s [9], 

[21, p. 47].  

In the last 10 years, the efficiency of average commercial wafer-based silicon modules 

increased from about 12 % to 16 %. At the same time, CdTe module efficiency 

increased from 9 % to 13 %. 

 

Fig 2.14. Conversion efficiencies of best research solar cells worldwide from 1976 thr ough 

2016 for various photovoltaic technologies. Efficiencies determined by certified 

agencies/laboratories. Source: National Renewable Energy Laboratory (NREL) [7], [22]. 
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In the laboratory, best performing modules are based on monocrystalline silicon with 

about 23 % efficiency. Record efficiencies demonstrate the potential for further 

efficiency increases at the production level. 

The latest chart on record cell efficiencies is displayed in Fig 2.14. Cell efficiency results 

are provided within different families of semiconductors: (1) multijunction cells, (2) 

single-junction gallium arsenide cells, (3) crystalline silicon cells, (4) thin film 

technologies, and (5) emerging photovoltaics. Some 26 different subcategories are 

indicated by distinctive colored symbols. In the same way, conversion efficiencies of 

best commercial solar cells are displayed in Fig 2.15. 

 

Fig 2.15. Conversion efficiencies of best solar cells through time for the main commercial 

solar cells technologies  [9] 

A summary of results for energy efficiency measurements of PV modules located in 

Uppsala (Sweden) is displayed in Table 2.4. The electrical parameters are taken from 

the module's own specifications according to the manufacturers' measurements at STC 

[3]. If CIGS module yield is divided by c-Si module yield, f ratio is equal to 0.91. 

Table 2.4. Summary of results for energy efficiency measurements of PV modules and 

electrical characteristics at STC 

  c-Si a-Si CIGS CdTe 

Area module m2 0.68 1.43 0.75 0.72 
Electrical parameter 
Voc V 21.5 96.29 72.8 86.7 
Isc A 5.18 1.45 1.6 1.06 
Vmp V 17.5 70.39 57.7 61.2 
Imp A 4.86 1.19 1.42 0.86 
Wp W 85.05 83.76 81.93 52.63 
Efficiency % 12.45 5.86 10.93 7.31 

Measurement period: 2010/09/01 – 2011/08/31 
Production kWh 102.5 93.5 87.5 56.0 
Yield per kWp kWh/kWp 1206 1117 1094 1082 
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As regards effective efficiency and module’s performance ratio, calculated results for 

Golden (Colorado, USA) and Ljubljana (Slovenia) are displayed in Table 2.5  for 

different kinds of solar cells technologies and two different tilt angles. Finally, 

performance ratio development as a function of annual irradiation in module plane is 

displayed in Fig 2.16. 

Table 2.5. Data of effective efficiency and module’s performance rat io for Golden and 

Ljubljana for 0°-tilt and 30°-tilt angle. 

  
Golden, Colorado 

(φ=0°) 

Ljubljana, Slovenia 

(φ=0°) 

Ljubljana, 

Slovenia (φ=30°) 

PV module ηSTC (%) ηeff (%) PRM ηeff (%) PRM ηeff (%) PRM 

SM110 (m-Si) 12.8 12.1 0.94 12.1 0.94 12.1 0.94 

ASE-160 (p-Si) 11.8 10.7 0.91 10.6 0.91 10.7 0.91 

WS75 (CIGS) 10.9 10.1 0.93 10.1 0.93 10.1 0.93 

ST40 (CIGS) 9.6 9.0 0.94 9.1 0.95 9.0 0.95 

FS55 (CdTe) 7.8 7.6 0.98 7.6 0.98 7.6 0.98 

MA100 (a-Si) 6.7 6.3 0.95 6.3 0.95 6.3 0.95 

 

 

Fig 2.16. Performance ratio development for PV systems [9] 
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3. METHOD 

 DESCRIPTION OF THE EX PERIMENTAL PV  SYSTEMS  3.1.

3.1.1.  LOCATION  

The PV modules are located in the laboratory of the Faculty of Engineering and 

Sustainable Development in the Department of Building, Energy and Environmental 

Engineering in Gävle (60° 40’ 05” N, 17° 06’ 48” E). 

Each system consists of two identical postures and is oriented to the south with an 

inclination of 45°, very close to the statistically optimal slope of 42° for solar cells in 

Gävle. A basic overview of photovoltaic systems.is displayed in Fig 3.1. 

 

Fig 3.1. Basic overview of PV systems located on the laboratory of the University of G ävle 

 

 

3.1.2.  SOLAR  P AN ELS  

The electrical system to be evaluated is a set of photovoltaic systems located in a 

south-facing metal structure at the laboratories of the University of Gävle. 

CIGS modules and monocrystalline silicon modules are connected to an automated 

measurement system, constantly keeping the solar cell modules at peak power. Below 

is shown some data sheet values and a description of each installed systems. The 

maximum-power is given at Standard Testing Conditions (STC), shown in Table 3.1. 
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Table 3.1. Maximum-power at Standard Testing Conditions (STC) of each PV system  

 CIGS m-Si m-Si (tracker) 

Nº PV-systems (≈ 1 kWp) 1 3 1 
Nº modules per PV-system 9 6 6 
Max-power per module [W] 105 195 195 
Max-power per PV system [W] 945 1170 1170 

Total max-power [W] 945 3510 1170 

 

9 modules are made of CIGS thin film solar cells and 24 modules are made of 
monocrystalline silicon solar cells, of which 18 belong to 3 fixed PV systems and 6 to 
photovoltaic tracker system. Do not forget tracker PV system is out of scope of the 
project. 

Do not forget he performance of a PV-system is given by the output in kWh per 
installed kW during a given time period. That is why throughout this project, each time 
a number of photovoltaic systems is named, and it is related to 1 kW. Due to 9 CIGS 
modules and 6 monocrystalline modules give, respectively, around 1 kWp, they are 
considered for the performance comparison. 

For both kinds of technologies, electrical characteristics are included in Table 3.2 while 
mechanical specifications are included in Table 3.3. 

Table 3.2. Electrical characteristics for each installed solar cell technology at Standard Test 
Conditions (STC) and Normal Operating Cell Temperature (NOCT).  

POWER CLASS  [W] m-Si 195 CIGS 105 

PERFORMANCE AT STC (1000 W/m2, 25 °C, AM 1.5 G SPECTRUM) 

Rated Maximum Power PMPP [W] 195 105 

Short Circuit Current ISC [A] 5.814 1.68 

Open Circuit Voltage VOC [V] 45.26 91.6 

Current at PMPP IMPP [A] 5.383 1.49 

Voltage at PMPP VMPP [V] 36.52 70.5 

Nominal Efficiency η [%] 15.27 ≥11.2 

PERFORMANCE AT NOCT (800 W/m2, 47±3 °C y 51±2 °C, AM 1.5 G SPECTRUM) 

Maximum Power PMPP [W] 142 75.9 

Short Circuit Current ISC [A] 4.712 1.34 

Open Circuit Voltage VOC [V] 40.97 83.4 

Current at PMPP IMPP [A] 4.33 1.18 

Voltage at PMPP VMPP [V] 32.80 64 

TEMPERATURE COEFFICIENTS (AT 1000 W/m2, AM 1.5 G SPECTRUM) 

Temperature Coefficient of ISC α [%/°C] +0.06 +0.00±0.04 

Temperature Coefficient of VOC β [%/°C] -0.39 -0.29±0.04 

Temperature Coefficient of PMPP γ [%/°C] -0.44 -0.38±0.04 
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Table 3.3. Mechanical specification for each installed solar cell technology  

  m-Si CIGS 

Length [mm] 1580 1190 

Width [mm] 808 789.5 

Thickness [mm] 35 7.3 

Surface area  [m2] 1.28 0.94 
Weight  [kg] 15 16.5 

 

 

3.1.3.  INV ER T ER S  AN D MAXI MIZ ER S  

To make it possible to connect the solar panel to the mains voltage is converted by an 

inverter. The package uses a tried and tested power inverters from small and micro-

inverters from AEConversion.  

Each solar module, on the other hand, is equipped with its own maximizer. This 

electronic device is mounted behind the modules on the mounting rails in the rack. 

The system is electronically and automatically designed for the monitoring of 

individual modules under maximum power point (MPP) conditions that allow the 

extraction of the energy yield of different modules under optimum conditions. It can 

also be used to monitor the performance and long-term stability of modules under 

realistic field conditions. The monitoring system consists of an individual MPP tracker 

attached to each module under test. The measurement data are transmitted to a 

central multichannel data logger by means of analog voltages proportional to the 

current at MPP, i.e., IMPP, and voltage at MPP, i.e., VMPP, of the modules, and adapted 

for the conditions of light and temperature. 

 

3.1.4.  PYR ANO MET ER S  

A pyranometer is a device used for measuring solar irradiance on a planar surface and 

it is designed to measure the solar radiation flux density in W/m2 from the hemisphere 

above within a wavelength range from 285 nm to 2800 nm. 

Two pyranometers placed on the system of the laboratory are installed since 

24/03/2016 as is displayed in Fig 3.2. Each one has different functions: the first 

pyranometer is on horizontal surface giving the horizontal irradiance; the second 

pyranometer is on the same tilt as PV-modules; and there is an extra measure, named 

pyranometer number 3, that it gives diffuse irradiance, obtained by the relationship 

between pyranometers and irradiances according to the following equations: 

𝐼𝑏,𝑛 =
𝐼ℎ − 𝐼𝑑,ℎ

cos 𝜃𝑧
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𝐼 = 𝐼𝑏,𝑛 · cos 𝜃𝑧 

𝜃𝑧 = 90 − 𝛼𝑠 

where 𝐼𝑏,𝑛 is the beam irradiance in the normal plane, 𝐼ℎ is the total irradiance in the 

horizontal plane, 𝐼𝑑,ℎ is the diffuse irradiance in the horizontal plane, and 𝛼𝑠 is the 

altitude or inclination, defined like the angle between a tilted surface and horizontal 

plane. 

Since pyranometer number 2 has the same tilt as PV modules, it must be used for the 

comparison between materials. In addition, it gives the highest solar irradiance at 

12:00 during sunny days. 

 

Fig 3.2. Pyranometers number 1 and number 2 placed on the laboratory syst em. 

 

 PROCEDURE AND OPERATING CONDIT IONS  3.2.

In the laboratory various studies on how shadows affect the electrical performance in 

the different modules that are installed are made. This project is not intended to study 

the fill factor. This is the reason why it researches only during clear, sunny days along 

period of time when shadows are not affecting on the solar cells, from 8:00 to 14:00.  

In addition, don't forget tracker PV system is also out of scope of the project. 

A logger monitors the power production output from the solar cell system and the 

irradiance from the sun. On one hand, power output data have been registered for 

each solar cells technology since July 2014 to May 2016 with a time resolution about 

10 minutes. On the other hand, installation of pyranometers in the laboratory system 

was conducted in March 2016, so irradiance data have been registered since 

24/03/2016. 

In order to analyze the performance of a solar installation, it is necessary to analyze 

the conversion of electricity from solar cells as a function of solar radiation. This 
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radiation varies depending on the time of year. The Swedish climate is characterized by 

cold winters with short days and long summer days where most of the annual solar 

radiation occurs. 

To sum up, the methodology has the next steps: 

1. Display of daily PV conversion as a function of time (from 8:00 to 14:00) since 

July 2014 onwards. 

2. Calculation of solar radiation through irradiance per square meter received and 

ten minutes data. This means, solar radiation must be divided by six because is 

the data number of 10 minutes per hour. 

3. Calculation of PV yield. PV energy output is divided by peak power at STC of 

each installed PV-system (1.17 kW for silicon and 0.945 kW for CIGS solar cells) 

4. Calculation of f ratio, which is defined as the ratio between CIGS and m-Si daily 

performance. 

5. Calculation of effective efficiency (ηeff). 

6. Calculation of module performance ratio (PRM), also called capacity factor (φ). 

Steps number 5 and 6 can be interchanged since PRM also can be obtained like PV yield 

divided by solar radiation.  
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4. RESULTS  

Solar radiation and PV conversion measures and efficiency calculations for single 

crystal silicon and CIGS modules are reported in this chapter. 

Daily measures and calculations of photovoltaic energy output, the sum of global 

irradiance per square meter received by pyranometer 2 and PV module yield for each 

solar cells technology per each evaluated month (March, April and May) are displayed 

in Table 4.1, Table 4.2, Table 4.3, respectively. 

Table 4.1. Daily data and calculations of monocrystalline silicon and CIGS thin film solar 

cells at NOCT conditions for PV module conversion, global irradiation per square meter 

received, PV module yield and f ratio: March 2016 

 
PV  conversion Solar Radiation PV yield f 

 
[kWh/day] [kWh/m2-day] [kWh/kWp-day] [-] 

Day m-Si CIGS Pyranometer 2 m-Si CIGS CIGS/m-Si 

24-mar 3,47 2,44 3,32 2,97 2,58 0,87 

25-mar 0,37 0,25 0,67 0,32 0,26 0,84 

26-mar 2,51 1,69 2,43 2,15 1,79 0,83 

27-mar 2,84 1,97 2,76 2,43 2,08 0,86 

28-mar 4,43 3,08 4,14 3,79 3,26 0,86 

29-mar 0,57 0,39 0,83 0,49 0,41 0,85 

30-mar 0,85 0,60 1,14 0,73 0,63 0,87 

31-mar 2,56 1,76 2,54 2,19 1,86 0,85 
 

 

In the same way, PV module yield in kWh/kW-day as function of the sum of global 

irradiance per square meter received per day for each solar cells technology (m-Si and 

CIGS) is displayed for each evaluated month (March, April and May) according to Fig 

4.1, Fig 4.2, and Fig 4.3, respectively. 
 

 
Fig 4.1. PV module yield as function of solar radiation for each solar cells technology: 

March 2016 
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A nearly linear trend is observed along the month of March for both kinds of 

technologies. The highest solar radiation value is 4.14 kWh/ m2-day and is received 

during the 28th of March where the ratio between CIGS and m-Si is 0.86. 

 
Table 4.2. Daily data and calculations of monocrystalline silicon and CIGS thin film solar 

cells at NOCT conditions for PV module conversion, global irradiation per square meter 

received, PV module yield and f ratio:  April 2016 

 
PV  conversion Solar Radiation PV yield f 

 
[kWh/day] [kWh/m2-day] [kWh/kWp-day] [-] 

Day m-Si CIGS Pyranometer 2 m-Si CIGS CIGS/m-Si 

01-abr 4,18 2,94 4,06 3,57 3,11 0,87 

02-abr 0,52 0,37 0,87 0,44 0,39 0,88 

03-abr 3,39 2,39 3,37 2,90 2,53 0,87 

04-abr 0,33 0,24 0,64 0,28 0,25 0,90 

05-abr 0,16 0,08 0,44 0,14 0,08 0,62 

06-abr 0,03 0,03 0,13 0,03 0,03 1,24 

07-abr 0,23 0,13 0,49 0,20 0,14 0,70 

08-abr 1,25 0,91 1,48 1,07 0,96 0,90 

09-abr 0,67 0,49 0,99 0,57 0,52 0,91 

10-abr 4,52 3,19 4,35 3,86 3,38 0,87 

11-abr 3,49 2,45 3,47 2,98 2,59 0,87 

12-abr 3,53 2,44 3,43 3,02 2,58 0,86 

13-abr 3,14 2,24 3,16 2,68 2,37 0,88 

14-abr 4,70 3,36 4,53 4,02 3,56 0,89 

15-abr 3,63 2,54 3,51 3,10 2,69 0,87 

16-abr 2,96 2,12 3,06 2,53 2,24 0,89 

17-abr 0,10 0,05 0,32 0,09 0,05 0,62 

18-abr 4,36 3,10 4,24 3,73 3,28 0,88 

19-abr 1,40 1,00 1,61 1,20 1,06 0,88 

20-abr 5,06 3,57 4,84 4,32 3,78 0,87 

21-abr 3,52 2,54 3,64 3,01 2,69 0,89 

22-abr 1,50 1,11 1,80 1,28 1,17 0,92 

23-abr 0,88 0,66 1,25 0,75 0,70 0,93 

24-abr 3,97 2,86 3,96 3,39 3,03 0,89 

25-abr 2,09 1,52 2,31 1,79 1,61 0,90 

26-abr 4,66 3,29 4,45 3,98 3,48 0,87 

27-abr 0,42 0,32 0,79 0,36 0,34 0,94 

28-abr 0,28 0,19 0,56 0,24 0,20 0,84 

29-abr 1,91 1,43 2,18 1,63 1,51 0,93 

30-abr 4,30 3,02 4,15 3,68 3,20 0,87 
 

 

 

 



29 
 

There are more data for case of April, a nearly linear trend is also observed for both 

kinds of technologies although the gradient of each line is lower. The highest solar 

radiation value is 4.53 kWh/ m2-day and is received during the 20th of April with an f 

ratio of 0.87. This means the highest PV conversion is for that day, 5.06 kWh/ day for 

six single-crystal modules and 3.57 kWh/ day for nine CIGS modules. 

In spite of this, it can be observed the f ratio is not the highest one. There are some f 

ratio values between 0.87 and 0.94. The f ratio value during the 6th of April is more 

than the unity so there is a shadow problem this day. 

 

Fig 4.2. PV module yield as function of solar radiation for each solar ce lls technology:   
April 2016 

 

The PV system made of monocrystalline silicon solar cells was disconnected by means 
of a cover from 10th to 11th of May. That is because it was needed for the aim of 
other research about shadow effect. The PV system was not cleaned until 13th of May.  

Consequently, no common values could have been obtained from 10th to 13th of May 
and could have modified in any way the expected monthly results, reaching wrong 
considerations or conclusions. That is why these data (highlighted in orange in Table 
4.3) have not been represented in Fig 4.3 in order to reach a better fine-tuning 
parameter. 

In case of May, do not keeping in mind uncommon measures, the gradient of each line 
is similar to April. The highest solar radiation value is 4.94 kWh/ m2-day and is received 
during the 5th of May with an f ratio of 0.88. The highest PV conversion is for that day, 
4.96 kWh/ day for 6 m-Si modules and 3.51 kWh/ day for 9 CIGS modules. There are 
some f ratio values bigger than the unity so there are shadow problems these days. 
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Table 4.3. Daily data and calculations of monocrystalline silicon and CIGS thin film solar 
cells at NOCT conditions for PV module conversion, global irradiation per square meter 
received, PV module yield and f ratio: May 2016 

 
PV  conversion Solar Radiation PV yield F 

 
[kWh/day] [kWh/m2-day] [kWh/kWp-day] [-] 

Day m-Si CIGS Pyranometer 2 m-Si CIGS CIGS/m-Si 

01-may 2,32 1,68 2,53 1,98 1,78 0,90 

02-may 4,60 3,28 4,49 3,93 3,47 0,88 

03-may 3,89 2,79 4,03 3,32 2,95 0,89 

04-may 4,63 3,26 4,63 3,96 3,45 0,87 

05-may 4,96 3,51 4,94 4,24 3,71 0,88 

06-may 4,61 3,26 4,56 3,94 3,45 0,88 

07-may 4,55 3,21 4,61 3,89 3,40 0,87 

08-may 4,68 3,30 4,79 4,00 3,49 0,87 

09-may 4,20 2,99 4,31 3,59 3,16 0,88 

10-may 2,33 3,01 4,42 1,99 3,19 1,60 

11-may 1,68 3,38 4,68 1,44 3,58 2,49 

12-may 3,36 3,25 4,55 2,87 3,44 1,20 

13-may 0,16 0,09 0,41 0,14 0,10 0,70 

14-may 0,19 0,09 0,44 0,16 0,10 0,59 

15-may 3,38 2,52 3,61 2,89 2,67 0,92 

16-may 0,12 0,06 0,37 0,10 0,06 0,62 

17-may 1,58 1,18 1,96 1,35 1,25 0,92 

18-may 1,64 1,27 2,09 1,40 1,34 0,96 

19-may 2,98 2,24 3,30 2,55 2,37 0,93 

20-may 4,21 3,05 4,35 3,60 3,23 0,90 

21-may 1,65 1,38 2,23 1,41 1,46 1,04 

22-may 1,30 1,06 1,83 1,11 1,12 1,01 

23-may 3,84 2,90 4,13 3,28 3,07 0,94 
 

 

  

Fig 4.3. PV module yield as function of solar radiation for each solar cells technology:    
May 2016. 
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Fig 4.4. Daily solar radiation for March, April and May.  

 

To sum up then, the best days regarding solar radiation according to Fig 4.4 for each 

month are: 

 March 2016: 24th, 27th, and 28th. 

 April 2016: 1st, 10th, 14th, 18th, 20th, 26th, and 30th. 

 May 2016: 2nd, 4th, 5th, 6th, 7th, 8th, 20th, and 23rd. 

The best clear sunny days for each month are the 28th of March, the 20th of March 

and the 5th of May; they are displayed in Fig 4.4. 

These three best days of each month are reported as a function of time for the 

following parameters: energy output or PV conversion output, PV module yield and f 

ratio, as is displayed in Fig 4.5, Fig 4.6 and Fig 4.7, respectively. 

Shadows can be observed in Fig 4.5 (a), since there are some discontinuities inside of 

interval from 8:00 to 14:00; time when shadows from buildings or staircases, which do 

not belong to sky, have no effect. The same trend is displayed in Fig 4.6 (a). 

On the other hand, it seems that 20th of April and 5th of May are really good sunny day 

with no shadow effect according to Fig 4.5 (b) and Fig 4.5 (c). The same trend is 

displayed in Fig 4.6 (b) and Fig 4.6 (c). 

In addition, PV conversion and PV yield diagrams since July 2014 onwards, like Fig 4.5 

and Fig 4.6, were presented to the thesis supervisor, off of this report. 
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Fig 4.5. PV conversion as a function of time for each solar  cells technology: a) 28/03/2016; 
b) 20/04/2016; c) 05/05/2016. 
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Fig 4.6. PV yield as a function of time for each solar cells technology: a) 28/03/2016; b) 
20/04/2016; c) 05/05/2016. 
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Fig 4.7. Ratio “f” between CIGS and mono-Si daily performance per kWp as a function of 
time for each solar cells technology: a) 28/03/2016; b) 2 0/04/2016; c) 05/05/2016 
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Table 4.4. Calculations of effective efficiency and module performance ratio: March 2016 

 Solar Radiation η_eff PR_M 

Day [kWh/m2-day] m-Si CIGS m-Si CIGS 

24-mar 3,32 13,63% 8,68% 89,27% 77,53% 

25-mar 0,67 7,18% 4,40% 47,05% 39,26% 

26-mar 2,43 13,49% 8,23% 88,33% 73,46% 

27-mar 2,76 13,43% 8,44% 87,95% 75,35% 

28-mar 4,14 13,97% 8,80% 91,49% 78,57% 

29-mar 0,83 8,93% 5,53% 58,47% 49,41% 

30-mar 1,14 9,74% 6,23% 63,79% 55,61% 

31-mar 2,54 13,16% 8,20% 86,21% 73,21% 
 

 

Table 4.5. Calculations of effective efficiency and module performance ratio: April 2016 

 
Solar Radiation η_eff PR_M 

Day [kWh/m2-day] m-Si CIGS m-Si CIGS 

01-abr 4,06 13,45% 8,57% 88,09% 76,52% 

02-abr 0,87 7,81% 5,03% 51,14% 44,94% 

03-abr 3,37 13,15% 8,40% 86,10% 74,97% 

04-abr 0,64 6,73% 4,43% 44,05% 39,57% 

05-abr 0,44 4,78% 2,17% 31,31% 19,33% 

06-abr 0,13 3,03% 2,74% 19,83% 24,49% 

07-abr 0,49 6,17% 3,16% 40,42% 28,22% 

08-abr 1,48 11,02% 7,26% 72,13% 64,86% 

09-abr 0,99 8,82% 5,84% 57,77% 52,18% 

10-abr 4,35 13,57% 8,67% 88,84% 77,44% 

11-abr 3,47 13,13% 8,35% 85,97% 74,54% 

12-abr 3,43 13,44% 8,41% 87,99% 75,12% 

13-abr 3,16 12,97% 8,38% 84,93% 74,83% 

14-abr 4,53 13,55% 8,78% 88,74% 78,36% 

15-abr 3,51 13,48% 8,55% 88,30% 76,31% 

16-abr 3,06 12,63% 8,19% 82,70% 73,15% 

17-abr 0,32 4,04% 1,83% 26,49% 16,36% 

18-abr 4,24 13,42% 8,64% 87,88% 77,18% 

19-abr 1,61 11,33% 7,33% 74,21% 65,47% 

20-abr 4,84 13,64% 8,71% 89,29% 77,81% 

21-abr 3,64 12,61% 8,25% 82,61% 73,62% 

22-abr 1,80 10,89% 7,30% 71,34% 65,20% 

23-abr 1,25 9,23% 6,27% 60,42% 55,97% 

24-abr 3,96 13,10% 8,55% 85,80% 76,34% 

25-abr 2,31 11,81% 7,78% 77,33% 69,46% 

26-abr 4,45 13,67% 8,74% 89,49% 78,04% 

27-abr 0,79 6,90% 4,76% 45,17% 42,51% 

28-abr 0,56 6,54% 4,02% 42,82% 35,88% 

29-abr 2,18 11,45% 7,77% 74,98% 69,33% 

30-abr 4,15 13,52% 8,60% 88,53% 76,80% 
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Effective efficiency and module performance ratio are displayed for March, April, and 

May, monthly average and best sunny days according to Table 4.4, Table 4.5 and Table 

4.6. In the same way, the Mean and the Standard Deviation of these parameters are 

displayed for the whole month (Table 4.7), for sunny days of each month, highlighted 

in blue (Table 4.8), and for the best days of each month (Table 4.9). 

Table 4.6. Calculations of effective efficiency and module performance ratio: May 2016 

 
Solar Radiation η_eff PR_M 

Day [kWh/m2-day] m-Si CIGS m-Si CIGS 

01-may 2,53 11,97% 7,85% 78,42% 70,13% 

02-may 4,49 13,37% 8,64% 87,59% 77,13% 

03-may 4,03 12,59% 8,18% 82,47% 73,06% 

04-may 4,63 13,04% 8,32% 85,42% 74,29% 

05-may 4,94 13,10% 8,40% 85,79% 74,99% 

06-may 4,56 13,19% 8,45% 86,36% 75,42% 

07-may 4,61 12,88% 8,23% 84,34% 73,49% 

08-may 4,79 12,75% 8,14% 83,48% 72,70% 

09-may 4,31 12,73% 8,21% 83,37% 73,30% 

10-may 4,42 6,87% 8,05% 45,02% 71,83% 

11-may 4,68 4,69% 8,55% 30,71% 76,32% 

12-may 4,55 9,64% 8,45% 63,13% 75,41% 

13-may 0,41 5,11% 2,61% 33,49% 23,26% 

14-may 0,44 5,66% 2,43% 37,04% 21,67% 

15-may 3,61 12,22% 8,25% 80,01% 73,68% 

16-may 0,37 4,29% 1,94% 28,09% 17,35% 

17-may 1,96 10,55% 7,14% 69,07% 63,71% 

18-may 2,09 10,27% 7,20% 67,23% 64,30% 

19-may 3,30 11,80% 8,04% 77,29% 71,75% 

20-may 4,35 12,64% 8,30% 82,80% 74,09% 

21-may 2,23 9,66% 7,32% 63,25% 65,33% 

22-may 1,83 9,26% 6,84% 60,66% 61,09% 

23-may 4,13 12,13% 8,30% 79,46% 74,12% 
 

Table 4.7. Mean and Standard Deviation values of effective efficiency, performance ratio 
and f ratio: case of whole month 

 
 

η_eff PR_M f 

 

Month m-Si CIGS m-Si CIGS CIGS/m-Si 

Mean (μ) 

March 2016 11,69% 7,31% 76,57% 65,30% 85,28% 

April 2016 10,66% 6,85% 69,82% 61,16% 87,59% 

May 2016 10,45% 7,30% 68,46% 65,15% 95,17% 

Average 10,94% 7,15% 71,62% 63,87% 89,35% 

SD (σ) 

March 2016 2,65% 1,68% 17,35% 15,03% 
 April 2016 3,35% 2,24% 21,91% 19,97% 
 May 2016 3,04% 2,03% 19,93% 18,10% 
 Average 3,01% 1,98% 19,73% 17,70% 5,17% 
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Table 4.8. Mean and Standard Deviation values of effective efficiency, performance ratio 
and f ratio: case of sunny days (highlighted in blue)  

  
η_eff PR_M f 

 
Month m-Si CIGS m-Si CIGS CIGS/m-Si 

Mean (μ) 

March 2016 13,68% 8,64% 89,57% 77,15% 86,13% 

April 2016 13,54% 8,67% 88,70% 77,45% 87,32% 

May 2016 12,89% 8,35% 84,41% 74,53% 88,30% 

Average 13,37% 8,55% 87,56% 76,38% 87,25% 

SD (σ) 

March 2016 0,27% 0,18% 1,79% 1,64% 
 April 2016 0,09% 0,07% 0,59% 0,67% 
 May 2016 0,39% 0,15% 2,53% 1,34% 
 Average 0,25% 0,14% 1,63% 1,22% 1,09% 

 

 

Table 4.9. Effective efficiency, performance ratio and f ratio for the best clear sunny days 
of each month 

 
η_eff PR_M f 

Day m-Si CIGS m-Si CIGS CIGS/m-Si 

28-mar 13,97% 8,80% 91,49% 78,57% 85,87% 

20-abr 13,64% 8,71% 89,29% 77,81% 87,14% 

05-may 13,10% 8,40% 85,79% 74,99% 87,40% 
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5. DISCUSSION  

Analyses of the results about the influence of the most important parameters have 

been carried out in this chapter, according to the results obtained from the 

methodology proposed in the literature review for single crystal silicon and CIGS 

modules. 

First detailed analysis is carried out about the relationship between both kinds of PV 

systems for the following parameters: PV conversion, PV conversion per kW installed 

or PV module yield, and f factor under the influence of time and solar radiation. 

The first result of this evaluation was the annual solar irradiation measured by 
pyranometers with an inclination of 45° like both PV systems. These values are 
compared with PVGIS database [23] in accordance with the same inclination (Table 
5.1) and the optimum inclination for long-term Gävle of 42° statistically (Table 5.2) in a 
direction towards the south. 
  

Table 5.1. Usual values in Gävle simulated through PVGIS database for a nominal power of 

the PV system of 1 kW and a 45°-tilt angle: a) Crystalline silicon; b) CIGS  

Fixed system: inclination=45°; 
orientation=0° 

Crystalline Silicon CIGS 

Month Hd Hm Ed Em Ed Em 

Jan 0.70 21.8 0.61 19.0 0.61 18.8 
Feb 1.88 52.6 1.59 44.6 1.59 44.5 
Mar 3.00 93.0 2.45 76.0 2.46 76.4 
Apr 4.47 134 3.48 104 3.55 106 
May 5.59 173 4.22 131 4.32 134 
Jun 5.44 163 4.00 120 4.10 123 
Jul 5.27 163 3.85 119 3.94 122 
Aug 4.31 133 3.19 98.8 3.26 101 
Sep 3.32 99.5 2.55 76.4 2.59 77.6 
Oct 1.89 58.5 1.53 47.3 1.53 47.6 
Nov 0.96 28.8 0.81 24.3 0.81 24.2 
Dec 0.44 13.6 0.38 11.9 0.38 11.7 

Yearly average 3.11 94.7 2.39 72.7 2.43 73.9 
Total for year 1140 873 887 
 

Ed: Average daily electricity production from the given system (kWh); 

Em: Average monthly electricity production from the given system (kWh); 

Hd: Average daily sum of global irradiation per square meter received by the modules of the given system 

(kWh/m2); 

Hm: Average sum of global irradiation per square meter received by the modules of the given system (kWh/m2). 

 

Since daily solar radiation measures (Table 4.1, Table 4.2 and Table 4.3) are between 

PVCIG database values, it can be stated that measures are consistent with Table 5.1. 

These measures are also according to Uppsala report [3], whose monthly solar 

radiation measures during months of March and April 2011 were 145 kWh / m2. 
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Table 5.2. Usual values in Gävle simulated through PVGIS database for a nominal power of 

the PV system of 1 kW and a 42°-tilt angle: a) Crystalline silicon; b) CIGS  

Fixed system: inclination=42°; 
orientation=0° 

Crystalline Silicon CIGS 

Month Hd Hm Ed Em Ed Em 

Jan 0.68 21.1 0.59 18.4 0.59 18.2 
Feb 1.84 51.4 1.56 43.6 1.55 43.5 
Mar 2.97 92.0 2.43 75.2 2.44 75.6 
Apr 4.48 134 3.49 105 3.55 107 
May 5.64 175 4.26 132 4.36 135 
Jun 5.51 165 4.06 122 4.16 125 
Jul 5.33 165 3.89 121 3.98 124 
Aug 4.33 134 3.21 99.4 3.28 102 
Sep 3.30 98.9 2.53 76.0 2.57 77.2 
Oct 1.86 57.5 1.50 46.6 1.51 46.8 
Nov 0.93 28.0 0.79 23.7 0.78 23.5 
Dec 0.42 13.2 0.37 11.5 0.36 11.3 

Yearly average 3.11 94.7 2.39 72.8 2.43 74.0 
Total for year 1140 874 888 

 

Higher solar radiation implies higher Silicon PV modules yield PV module yield respect 

to CIGS modules. Daily PV conversion measures (Table 4.1, Table 4.2 and Table 4.3) are 

also consistent with PVGIS database (Table 5.1). A linear trend is observed for both 

kinds of technologies with respect to solar radiation according to Fig 4.1, Fig 4.2 and 

Fig 4.3. These parameters as a function of time follow a similar trend than normal 

distribution of Gauss Seidel according to Fig 4.5 and Fig 4.6. 

For the same solar irradiation, no shadowing effect and a basis per kW installed (PV 

yield), m-Si modules are able to convert more energy than thin film CIGS modules as 

can be observed comparing Fig 4.6 (a), Fig 4.6 (b) and Fig 4.6 (c). 

The highest solar radiation period along a day is around 12:00 during a clear sunny day 

as the same time as is produced the best PV conversion (Fig 4.5) and PV module yield 

(Fig 4.6). PV conversion and PV yield curves keep the same trend along a day that can 

be observed with f ratio (Fig 4.7). About 0.87-0.91 is a common f ratio value during a 

clear sunny day, when shadows do not affect, according to this report (Table 4.1, Table 

4.2, Table 4.3 and Table 4.7) and Uppsala report (Table 2.4) whose f ratio is equal to 

0.91. 

However, f ratio also varies slightly as a function of time so it comes to a conclusion 
that does not only depend on shadows and solar radiation; it also depends on 
incidence angle and operating cell temperature. This can also be observed comparing 
Table 5.1 and Table 5.2 each other. 
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Besides, larger daily periods with high solar radiation values and no shadow effect 

produce a smaller deviation on f ratio values. These periods are during summertime 

but this trend can be observed in Fig 4.7 (c) with respect to Fig 4.7 (a), belonging to 

May 2016 and March 2016, respectively. 

From now onwards, second detailed analysis is carried out about calculated effective 

efficiency at NOCT with respect to nominal efficiency at STC; that is PV module's 

performance ratio analysis for both technology kinds. 

In general terms, effective efficiency and performance ratio of single crystal silicon 
modules are greater than thin film CIGS ones, both for entire month case as for sunny 
days case, with which is focused this report. Both trends can be observed in Table 4.7 
and Table 4.8, respectively, where monthly average and SD are displayed of these 
parameters; in Table 4.9 where the best sunny days are displayed; and in Table 4.4, 
Table 4.5 and Table 4.6 regarding the best values of solar radiation or global 
irradiation. 

For case of sunny days when shadows have no effect, effective efficiency has a mean 
of 13.37 % and a SD of 0.25% for single crystal silicon PV-system and a mean of 8.55% 
and a SD of 0.14% for CIGS PV-system.  On the other hand, PV module's performance 
ratio has a mean of 87.56% and a SD of 1.63% for monocrystalline modules and a 
mean of 76.38% and a SD of 1.22% for thin film CIGS modules. However, both 
parameters decrease for each month as is displayed in Table 4.8. That is because the 
mean ambient temperature and the number of sun hour’s increase and, thus, normal 
operating cell temperature has an impact on these parameters. 

Despite efficiency at STC for both technology kinds are higher compared to efficiencies 

at STC provided by Table 2.5; effective efficiency and performance ratio for both 

technology kinds during a whole month (Table 4.6) are lower than reviewed data, with 

the exception of monocrystalline silicon effective efficiency for sunny days which is 

higher (13.37%). Since there are no great differences between these two localizations 

and between two incidence angles in Table 2.5, the reason because these two 

parameters are lower could be due to a short time period of measures and do not 

measured during summertime. 

Last hypothesis could be met by means of an assessment along a year and could be 

compared to Fig 2.16, since lots of PV panels have a specific yield (PRM) between 80 % 

and 90 %, very close to case of sunny days (87.56 % ±1.63 % for m-Si and 76.38% ± 

1.22% for CIGS). 

Accordingly, the second analysis comes to the conclusion that single crystal silicon 
modules present better behavior with respect to energy conversion since effective 
efficiency and PV module's performance ratio are higher than thin film CIGS ones 
under field condition. 
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6. CONCLUSIONS  

This report has been performed in order to contribute to research on photovoltaic 

field. The main objective of this project was to evaluate the performance of two 

different types of solar cells in an outdoor facility in the Swedish climate, particularly 

on monocrystalline silicon and thin film CIGS solar cells. 

All types of thin film CIGS solar cells have reached so far the highest efficiency and 

therefore are considered to have the best potential in the market. By the other side, 

Silicon technology has a head-start on owning the highest solar cell and module 

performance lab values. 

In this context, a comparative analysis has been carried out since July 2014, taking into 

consideration the following aspects: 

 Only clear sunny days have been considered. 

 Fill factor equal to 1. No shadows are considered. This implies that evaluation 

along a day has been carried out from 8:00 to 14:00. 

 Pyranometers were installed in March 2016, limiting the analysis at this time. 

 Single crystal measures are not common values from 10/05/2016 up to 

13/05/2016 due a cover was installed in order to reach the aim of other project 

performed as the same time. 

 

Throughout two analyses, one comes to the following conclusions on the behavior of 

the PV systems: 

 For both PV systems, overall: 

1. PV module yields depend nearly linearly on solar radiation at given location and 

tilt for all kinds of technology. 

2. Larger daily periods with high solar radiation values and no shadow effect 

produce a smaller deviation for f ratio values. 

3. Effective efficiency and PV module’s performance ratio depend only slightly on 

the specific location or tilt angle of the module as long as the average solar 

radiation remains the same. 

4. At the same time that the ambient temperature and normal operating cell 

temperature are increased; the mean of the effective efficiency and the 

performance ratio is slightly smaller. 

5. For case of clear sunny days with respect to the case of a whole month, the 

mean of the effective efficiency and the performance ratio is increased while 

the SD is reduced. 
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 PV systems comparison: 

6. Higher solar radiation implies single crystal silicon modules have higher PV yield 

respect to thin film CIGS modules. 

7. For the same solar irradiation, no shadowing effect and a basis per kW installed 

(PV yield), single crystal silicon modules are able to convert more energy than 

thin film CIGS ones. 

8. Single crystal silicon modules present better behavior with respect to energy 

conversion since effective efficiency is higher than thin film CIGS ones. 

9. Single crystal silicon modules under Normal Operating Cell Temperature 

conditions (NOCT) present a better behavior than thin film CIGS modules with 

respect to values at Standard Test Conditions (STC) considering that PV 

module’s performance ratio is higher. 

The results come to conclude that single crystal silicon modules present a better 

behavior with respect to energy conversion under no shadows effect conditions by two 

reason: (1) f ratio is about 87.25% with some variations along a day due to ambient 

temperature, cell temperature and incidence angle; (2) PV module's performance ratio 

of monocrystalline silicon modules is higher than thin film CIGS ones during a sunny 

day about 87.56% and 76.38%, respectively. 

In light of the outcome, one can conclude that main goal of project and its scope have 

been managed to successfully. Measurements of these modules will continue even 

after the completion of the project and will form a basis for a more detailed analysis in 

the future. 

To confirm these conclusions, it intends to launch a project with the objective of 

evaluating the data collected and compare the performance of the module after a year 

of measurements outdoors by the PV module's performance ratio procedure.  

Along the same lines, University of Gävle intends to launch a project with the objective 

of evaluating the potential to be self-sufficient. 
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