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ABSTRACT 

 

The objective of this thesis is the generation of electricity from solar energy for 

yearly net self-sufficient supply of a household with electricity. Therefore, it is the aim 

to design a solar photovoltaic installation connected to grid with a consumption of 5000 

kWh per year.  

The main objective is to study and compare two aforementioned PV plants 

located two places, were the weather conditions and solar irradiation are completely 

different: one location is Maribor, in Slovenia, and the other is Murcia, in the south of 

Spain.  

The thesis defines the technical conditions of the installation from solar radiation 

recorded in the chosen locations. 

Like points to emphasize in the thesis, may be considered data obtained from 

PVSYST to size the installation program. 

It is important to carry out these projects if we want to achieve a sustainable 

energy supply. They should be aligned with policies that promote efficiency and energy 

saving. However, further investigations to improve the utilization of solar energy and 

other renewable energies should be performed as well. 
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1. Introduction 
 

The increasing and continuing degradation of the environment, due to emissions of 

greenhouse gases such as CO2 from the massive use of fossil fuels, gives renewable 

energy a key role in the sustainable development of our planet. 

That is why, especially during the last decade renewable energies, such as wind or 

solar photovoltaics, are proliferating, being the beginning of the last the conversion of 

solar radiation incident on the solar cells into electrical current (DC) thanks to 

semiconductor material, which is made of silicon. It is also about forms of energy that 

are being applied in many cases, consumption, or the design of microgrids, applications 

that are not greatly advanced today, but due to the economic aid, which often comes 

with and the need for a change of energy consumption mode, are steadily advancing. 

A photovoltaic system is the set of electric and electronic equipment that produces 

electrical energy from solar radiation. The main component of this system is the 

photovoltaic module, composed of solar cells that can transform light energy into 

electrical energy. Broadly speaking, photovoltaic systems can be classified into three 

groups: grid connected, off-grid and pumping. 

The grid connected systems produce electric power to be injected entirely on the 

conventional electricity network. Since they must not satisfy any consumer demand 

directly or warrant it, they do not need to incorporate energy storage equipment. In this 

thesis, two photovoltaic plants, suitable for a yearly net self-sufficient energy supply of 

a household with an average consumption of 5000 kWh, located in Maribor and Murcia, 

are going to be studied and compared 

The Meteonorm software will be used to export radiation data for Maribor and 

Murcia, whilst the PVSYST software will be used to calculate power generation. 

The final purpose of this thesis is to obtain the size of the installation and the number 

of modules required designed, considering local irradiation data. The yearly energy 

produced by the photovoltaic systems should be in par with yearly energy consumption 

of a household, which is 5000 kWh. 

The thesis is going to be developed following the next structure: 

Solar Energy 

In this part we will give the theoretical background of solar energy. The PV 

systems and technologies will be discussed together with their rapid spread to new 

markets and current energy model. The evolution of renewable energy in Spain will be 

analyzed. Finally, we will focus on PV global capacity. 

Photovoltaic Effect and Solar radiation 

In this part we will describe Photovoltaic Effect and then we will deepen into 

solar radiation with its solar constant, depending of the distance Sun-Earth. 
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Description of Installation Elements 

First, we will describe a grid-connected PV system followed by the description of 

elements that make the system. 

Installation design 

The analysis of local conditions and the designs of the two PV plants, one in 

Maribor and the other one in Murcia, will be presented in this chapter. 

Conclusion: 

This final chapter will be dedicated to the conclusions drawn from the thesis 

development. 
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2. Solar energy 
 

Solar energy is mainly used in two ways: 

 Direct conversion into electricity: takes place in semiconductor devices called 

solar cells. 

 Accumulation of heat in solar collectors. 

The direct conversion of solar radiation into electricity is often described as a 

photovoltaic (PV) energy conversion, because it is based on the photovoltaic effect. In 

general, the photovoltaic effect means the generation of a potential difference at the 

junction of two different materials in response to visible or other radiation. The whole 

field of solar energy conversion into electricity is therefore denoted as the 

“photovoltaics”.  

Developing the PV solar energy is a clean and environmentally friendly energy 

source. The motifs that were behind the development and application of the PV solar 

energy were in general the same as for all renewable energy sources, and were based 

on the prevention of climate change and environment consciousness, and providing 

clean energy for people. There are three main categories in which we can divide PV 

development interest: energy, ecology and economy. 

Energy 

There is a growing need for energy in the world and since the traditional energy 

sources based on the fossil fuels are limited and will be exhausted in future. PV solar 

energy is considered as a promising energy source candidate. Large-scale application of 

PV solar energy will also contribute to the diversification of energy sources resulting in 

more equal distribution of energy sources in the world. 

Ecology 

Large-scale use of PV solar energy could lead to a substantial decrease in the 

emission of gases such as CO2, SOX and NOX coming from fossil fuels. The contribution 

of the PV solar energy to the total energy production in the world is very small; at 

present, the total installed power is estimated to be 1.6 × 1010 kW, compared to 1.0 × 

106 kWp installed PV power worldwide. With an annual growth of PV solar energy 

production around 15%, it is expected that in year 2050 solar cells would produce 2.0 × 

108 kWp. 

Economy 

Solar cells and solar panels are already on the market. An advantage of the PV 

solar energy is that it is a modular technology, and can be combined in such a way that 

they fit exactly the required power. Reliability, little operations and maintenance costs, 

as well as modularity and expandability, are enormous advantages of PV solar energy. 
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Around two billion people, mostly in rural areas, have no access to electricity; for them, 

PV technology is the most cost effective solution. 

Some of the advantages and drawbacks of the PV solar energy are the following: 

Advantages: 

 Environmentally friendly 

 No noise, no moving parts 

 No emissions 

 No use of fuel or water 

 Minimal maintenance  

 Long lifetime, up to 30 years 

 Electricity is generated wherever there is light 

 PV operates even in cloudy weather conditions 

 Modular or “custom-made” energy can be designed for any application, from 

small PV farms to big multi-megawatts power plant. 

Drawbacks: 

 PV cannot operate without light 

 High initial costs  

 Large areas needed for large scale applications 

 PV generates direct current: special DC appliances or inverters are required  

 Off-grid applications require energy storage, such as batteries, which are 

expensive [1] 

 

2.1. Photovoltaic (PV) system 
 

The solar energy conversion into electricity takes place in a semiconductor device 

called solar cells. Solar cells provide electrical power under certain voltage and current 

conditions. To make solar electricity practical, a certain number of solar cells are 

connected together to form a solar panel, also called a PV module. For large scale 

generation, solar panels are connected together into a solar array. 

 Solar panels are part of a complete PV solar system, which, depending on the 

application, comprises batteries for electricity storage, dc/ac inverters that connect a PV 

solar system to the electrical grid, transformers, and other miscellaneous electrical 

components and elements. These additional parts of the PV solar system form a second 

part of the system that is called Balance of System (BOS).  
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2.2. Photovoltaic technologies 
 

The first practical use of solar cells was in the aerospace industry, in 1958. These first 

solar cells were made from single crystal silicon wafers and had efficiency of 6 %. The 

energy crisis in the seventies of the 20th century accelerated a search of new energy 

sources, resulting in a growing interest for PV solar energy. The major obstacles were 

the higher energy price of the solar electricity when compared to the price of electricity 

generated from the traditional sources. In order to increase the efficiency of solar cells 

and to lower their price, the crystalline silicon solar cell technology has improved 

dramatically in the past twenty years and today it is the dominant solar cell technology. 

Examples of crystalline silicon solar cell technology are the single crystal silicon wafer-

based solar cells, and also multicrystalline silicon solar cells. Both technologies that deal 

with “bulk” crystalline silicon are considered the first generation solar cells for terrestrial 

applications. As this technology has matured, costs have become increasingly 

dominated by material costs, namely those of the silicon wafer, the glass cover sheet, 

and encapsulants. 

In order to decrease the material costs, research has been directed to develop low 

cost thin-film solar cells, which represent a second generation solar cells for terrestrial 

application. The efficiency of commercial second generation solar modules is likely to 

reach 15%. 

Conversion efficiency has to be increased substantially in order to progress further. 

Calculations based on thermodynamics demonstrate that the limit on the conversion 

efficiency of sunlight to electricity is 93% as opposed to the upper limit of 33% for a 

single junction solar cell, such as a silicon wafer and most present thin-film solar cells. 

This suggests that the performance of solar cells could be improved 2-3 times when 

different concepts were used to produce a third generation of high efficiency, thin-film 

solar cells [1]. 

 

2.3. Solar PV: rapid spread to new markets 
 

Solar PV is starting to play a substantial role in electricity generation in some 
countries as rapidly falling costs have made unsubsidised solar PV-generated electricity 
cost-competitive with fossil fuels in an increasing number of locations around the world. 
In 2014, solar PV marked another record year for growth, with an estimated 40 GW 
installed for a total global capacity of about 177 GW. 
 

China, Japan, and the United States accounted for the vast majority of new capacity. 
Even so, the distribution of new installations continued to broaden, with Latin America 
seeing rapid growth, significant new capacity added in several African countries, and 
new markets picking up in the Middle East. Although most EU markets declined for the 
third consecutive year, the region—particularly Germany—continued to lead the world 
in terms of total solar PV capacity and contribution to the electricity supply. 
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The solar PV industry recovery that began in 2013 continued in 2014, thanks to a 
strong global market. Consolidation among manufacturers continued, although the 
flood of bankruptcies seen over the past few years slowed to a trickle. To meet the rising 
demand, new cell and module production facilities opened (or were announced) around 
the world [2]. 
 

2.4. Current energy model 
 

As we all know the current energy model we are using in today's society, especially 

in more developed countries, is not the most optimal, since the current rate of growth 

we have, we could soon reach the depletion of fossil resources that the earth has been 

stored for millions of years, and we are wasting in just a few decades. 

Figure 1. Global light pollution. 

Even before the exhaustion of fossil raw materials, increased economic conflicts over 

scarce natural resources seems inevitable due to the convergence of two opposing 

trends: decreasing availability of fossil fuels and the increase in consumption (especially 

in those countries with a strong economy). Therefore, the current scheme of energy 

consumption, both in Spain and globally, is simply not sustainable, namely cannot be 

maintained indefinitely. 

Figure 1 shows the global light pollution, where a large heterogeneity between 
developed countries and populated can be seen, with developing countries or very small 
populations. 

 
On the other hand, the mass consumption of oil is producing changes in the global 

atmosphere. The carbon dioxide levels currently detected are significantly higher than 
those that existed in 1950. This produces the well-known greenhouse effect, which 
causes an increase in average temperatures worldwide, and arguably that we are 
experiencing a serious and long climate crisis, as well as economic. 
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2.4.1. Kyoto Protocol 
 

In 1997 the industrialized countries agreed, in the city of Kyoto, to implement a 

series of measures to reduce greenhouse gases. Signatory governments agreed to 

reduce by 5% on average emissions between 2008 and 2012, with reference to the levels 

of 1990. The agreement came into force in February 2005, after ratification by Russia in 

November 2004. 

The main objective is to reduce the climate change caused by humans whose base 

is the greenhouse effect. According to UN1 estimates, it is expected that the average 

temperature of the planet's surface increase between 1.4 and 5.8 ° C by 2100, although 

the winters are colder and violent. This is known as global warming. 

According to the Kyoto Protocol, Spain promised to limit the growth of emissions of 

six gases covered (CO2, CH4, N2O, HFCs, PFCs and SF6) by 15% in the commitment 

period 2008-2012 regarding the emissions by 1990. But it was the member country least 

likely to fulfill the agreement. 

 

2.4.2. Prospects to assume 
 

The global solution is, as we have previously explained the Kyoto protocol, but its 

need that developing countries and the industrialized, perform the agreement. 

Therefore, we must adopt a series of measures individually, rather than collectively. 

These measures are basic and very easy to follow: efficiency, energy saving and 

renewable energy utilization. 

Efficiency means that we must use products or production measures that offer us 

high performance, because although tend to be more expensive, they end up turning 

out to be more economical in the long run. A clear example is the energy saving bulbs, 

class A household appliances or efficient building construction. 

Saving means making good use of energy, i.e. not to waste anything of this energy, 

making small everyday acts such as not using the stand-by household appliances 

(consumption 2% of all electricity in Spain in 2007) or using light bulbs. So we get 100% 

optimize all energy production that takes place in Spain. 

Renewable energy, as a whole, are those that have an inexhaustible potential: 

waterfalls, solar radiation, tides, winds, etc.  

Thus renewable energies are all those clean and unlimited duration energies such as 

hydro, photovoltaic, thermal, biomass and wind. These energies are based on the use of 

solar radiation to produce electricity through silicon, heat production for thermal 

                                                           
1 UN: The United Nations is an international organization founded in 1945.   It is currently made up of 193 
Member States.  The mission and work of the United Nations are guided by the purposes and principles 
contained in its founding Charter. 
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processes, burning energy stored such as in the case of biomass or by carrier fluids such 

as water or air. 

The use of these energies could slow the process of global warming and minimize 

the energy dependence of countries and people, and contribute to greater efficiency in 

certain industrial processes. This would help us reach a sustainable energy scenario and 

ensure the quality of life of future generations.  

 

2.5. Consumption evolution of renewable energy in Spain 
 

 

 

 

 

 

 

 

 

 

 

 

Since 2000, the renewable energy consumption has more than doubled, 

following a trend of continuous growth. The composition of renewable resources in so 

far this century has also undergone significant changes. 

While in 2000 biofuels (biomass, biogas, solid waste and biofuels) and 

hydropower clearly dominated the renewable supply, with a market share of 57% and 

37%, respectively, in 2014 a greater diversity is observed technologies. 

Biofuels continue dominating the renewable market, although the incorporation 

and expansion of new technologies such as wind or solar thermoelectric have involved 

a significant reduction in the share of the first of nearly 19%. 

Also hydropower, despite the high availability of resources registered in 2014, 

that year represented 18% less in market share compared to that in 2000. 

Wind power has become the second technology in terms of participation in the 

primary consumption of renewable resources, rising from about 6% in 2000 to 25% in 

2014. 

0

5.000
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15.000

20.000

Hydraulic Wind Biomass

Solar Thermal Solar PV Solar Termoelectric

Geothermal

Figure 2. Consumption evolution of renewable energy in Spain (ktoe) 
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Regarding solar, solar thermal has evolved from 0.4% in 2000 to 1.5% of 

renewable primary consumption in 2014, multiplying by more than three times their 

share of renewable energy mix; photovoltaics, with very little presence at the beginning 

of the century, reached in 2014 4% of primary energy and renewable solar technology 

thermoelectric, which in 2000 had no facilities in operation now accounts for 12% of 

renewable inputs the demand for primary energy. 

Finally, geothermal energy, despite progress in recent years, represents only 

0.1% of primary demand for renewable energy [3]. 

 

2.6. Solar PV Global capacity 
 

 

 

 

 

 

 

 

 

 

 

We can see that the installation of solar energy around the world has 

experienced an exponential increase in recent years. By the end of 2014 there was a 

global solar capacity of 177 GW, which means an increase of 173.3 GW since 2004. 

The year 2014 marked the 60th anniversary of the first public demonstration of a 

solar PV cell. The strong market in 2014 came despite the substantial decline in new 

installations in the European Union, challenges reaching targets (particularly for 

distributed systems) in China, and slower-than-expected emergence of promising new 

markets. More than 60% of all PV capacity in operation worldwide at the end of 2014 

was added over the past three years. 

Once again, the top three markets were China, Japan, and the United States, followed 

by the United Kingdom and Germany. [2] 

 

 

Figure 3. Solar PV Global capacity (2004-2014) [2] 
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3. Photovoltaic Effect and Solar radiation 
 

3.1. Photovoltaic Effect 
 

The energy conversion of solar radiation into electrical energy is a physical 

phenomenon known as the photovoltaic effect. When sunlight is incident on certain 

materials called semiconductors, photons are able to transmit their energy to the 

valence electrons of the semiconductor to break the bond that keeps them bonded to 

the respective atoms, leaving a free electron to circulate within the solid by each broken 

bond. The lack of electron in the broken bond, called a gap, can also move freely inside 

the solid, being transferred from one atom to another due to the displacement of 

electrons remaining bonds. 

Gaps behave in many ways like positively charged particles equal to that of the 

electron. The movement of gaps and electrons in opposite directions generates an 

electric current in the semiconductor capable of circulating in an external circuit. To 

separate the electrons and gaps thus prevent restore the bond, an electric field which 

causes their movement in opposite directions is used, resulting in said electric current. 

In solar cells this electric field is achieved in joining two regions of a semiconductor 

crystal of conductivities of different types. 

For silicon solar cells, one of the regions (type region "n") is doped with phosphorus. 

The procedure is performed by replacing some silicon atoms per phosphorus atoms. As 

a chemical element silicon has 14 electrons of which 4 are valence, being available to 

join with valence electrons from other atoms. Phosphorus has 5 valence electrons. And 

four of them will be used to carry out chemical bonds with adjacent silicon atoms, while 

the fifth atom may be separated by stimulation provided by an external source of 

energy. 

The other region (region type "p") is doped with boron, which has 3 valence 

electrons, so it will be a region with as many gaps and electrons. Thus an electric field 

directed from the region "p" to the region "n" due to differences in concentrations of 

gaps and electrons occurs. 

If we focus a little more on the physical principle, what happens is that solar radiation 

is composed of elementary particles called photons. Such particles carry a value 

associated energy, which depends on the wavelength of the radiation. The relationship 

between these parameters is shown below [4][5]. 

h·c
E =

l
 

Where: 

 E: energy of photon (J) 

 h: Plank constant (J·s) 
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 c: lightning speed (3·108 m/s) 

 λ: wavelength (m) 

 

 

 

 

 

 

 

 

 
 

3.2. Solar radiation 
 

3.2.1. Solar constant 
 

The irradiance coming from the Sun that is received on a perpendicular surface can 

be considered as constant and equal to 1350 W/m2 (data accepted by NASA in 1971). 

This is the value of the solar constant. 

The solar constant is a defined magnitude to determine the flow of energy received 

per unit perpendicular to solar radiation, at an average distance from Earth to the Sun, 

and located outside any atmosphere surface. The Earth-Sun distance is variable due to 

Figure 4. Atomic structure of a solar cell. 

Figure 5. Solar constant [6]. 
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the elliptical orbit that takes the Earth, so to calculate the solar constant has to be 

considered an average distance. 

It can be considered that the sun is a constant source of energy, since several studies 

have shown that the variation of energy from the sun during a solar cycle (about 22 

years) is less than 1%. These variations, as long as affect the design of a photovoltaic 

system can be said to be affected more by the effect of weather variations rather than 

solar cycles. 

 

3.2.2. Sun-Earth distance 
 

As already mentioned, the distance between the Sun and Earth varies throughout 

the year because of the elliptical orbit that takes the Earth. The eccentricity of the 

elliptical orbit can be calculated as: 

n
0

360·d
e = 1+ 0,33·cos

365
 

Being dn the day of the year (1≤dn≤365). 

 

Figure 6. Changes due to the eccentricity in Earth’s orbit [6]. 

This distance is important because when you have a light source emitting in all 

directions, the energy flow varies inversely with the square of the distance from the 

emission source. 

 

3.2.3. Solar radiation 
 

To reach the Earth's surface solar radiation must pass through the atmosphere, 

where it undergoes various phenomena of reflection, absorption and diffusion which 
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reduce the final energy received. The global radiation incident on an inclined surface on 

the Earth's surface can be calculated as the sum of three components: direct, diffuse 

and albedo component (or reflected). 

 Direct sunlight: "solar radiation incident on a given plane from a small solid angle 

centered on the solar disk." It can also be defined as the radiation coming directly 

from the sun. 

 

 Diffuse sunlight: "difference between hemispherical solar radiation and direct 

sunlight". Or radiation prior to reaching the surface is absorbed and diffused by 

the atmosphere. 

 

 Hemispheric sunlight: "solar radiation incident on a plane surface given, 

received from a solid angle of 2π sr (the hemisphere situated above the surface). 

Must specify the inclination and azimuth of the receiving surface. " 

 

 Reflected radiation: radiation, from reflection of solar radiation on the ground 

and other objects, falls on a surface. Reflection depend on the characteristics 

and nature of the reflective surface (albedo). 

 

 Global solar radiation: "hemispherical solar radiation received on a horizontal 

plane" [7]. 
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Figure 7. Global and diffuse irradiance on a horizontal surface in Maribor (own creation) 
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4. Description of Installation Elements 
 

4.1. Definition of a grid connected photovoltaic system 
 

A PV system connected to the grid is a system whose function is to produce electric 

energy in suitable conditions to be injected into the conventional electricity network. As 

shown in figure 8, it consists of photovoltaic generator, a DC/AC converter called 

inverter and a set of electrical protections. 

The energy produced by this system will be partially or totally consumed nearby, and 

the excess energy will be fed into the grid for distribution to other consumers. 

 

 

 

 

 

 

4.2. Photovoltaic module 
 

The photovoltaic module is a unit that provides support for a number of electrically 

connected photovoltaic cells. The right choice of them will largely determine the final 

production of the installation. Therefore, a brief introduction to them will be made: 

 

4.2.1. PV cells 
 

The modules are made up of a set of electrically connected photovoltaic cells that 

produce electricity from photovoltaic effect. Solar cells are manufactured from 

semiconducting materials. When light falls on them, photons are able to transmit their 

energy to the valence electrons to break the bond that keeps them bonded to the 

respective atoms. Each broken bond is a free electron, which moves freely inside the 

semiconductor [5]. 

There are several classifications of photovoltaic cells: 

By type of material used: 

 Simple material: especially silicon, but also Germanium and Selenium. 

Germanium has a lower bandwidth than silicon, so it is suitable for absorbing 

longer wavelengths, such as infrared light. 

Figure 8. Grid-Connected PV system scheme. 
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 Binary compounds: CdTe, GaAs, InP, CdS, Cu2S (materials from the periodic table 

groups III and IV). 

 

 Ternary compounds: AlGaAs, and compounds based on chalcopyrite structure 

Cu as CuInSe2, CuInS2 and CuInTe2. Highlight the first for its practical use and 

good performance. 

 

 Others 

By the internal structure material: 

Monocrystalline: silicon cell processed as a single crystal. Good efficiency (silicon 

cell which has higher efficiency) but high manufacturing cost due to the high 

purity and the large amount of silicon. 

 

 Polycrystalline: During cooling silicon in a mold, several crystals are formed. The 

cell is of bluish aspect, but not uniform, different colors created by the various 

crystals are distinguished. 

 

 Amorphous: only applicable to silicon. Although the absorption coefficient is 40 

times that of monocrystalline silicon, its performance is even lower than in 

multicrystalline (8-10%). But its manufacturing cost is lower. 

By the device structure: 

 Homogenous bond: p-n union is created on a single material dopant diffusion 

from opposite sides of the cell. 

 

 Heterogeneous bond: material on both sides of p-n union are different. 

 

 Depending on the number of p-n bonds. 

 

 Depending on the number of devices used in the same cell. 

By the type of application: 

 Cells for terrestrial applications without concentration. 

 

 For building integration. 

 

 For terrestrial applications concentration. 

 

 For special applications. 
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4.2.2. PV Module structure 
 

PV modules act as support base of photovoltaic cells, in addition to giving them the 

necessary protection by proper encapsulation. The structure of the modules can be seen 

in Figure 9 [5]. 

Figure 9. Module structure. 

 

 Front cover: It must have a high transmission in the wavelength range and a low 

reflection from the front surface to maximize the solar energy conversion. 

Besides, the material must be waterproof, have good impact resistance, have a 

low thermal resistivity and be stable to prolonged UV exposure. This front cover, 

also has as its main function, giving rigidity and hardness mechanical module. 

 

 Encapsulant: responsible for giving adhesion between cells, the front surface 

and the back of the module. The most commonly used is the EVA (ethylene-vilin 

acetate). 

 

 Back cover: it must be impermeable and low thermal resistance. 

 

 Solar cells and connections: are usually made of aluminum or stainless steel. 

 

 The edges of the block are protected with a neoprene sleeve and the whole is 

embedded in an aluminum frame, bonded with silicone, which provides 

mechanical strength. In the back of the module is the connection box with two 

terminals (positive and negative) to enable the connection of the modules. 
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4.3. Inverter 
 

Inverters are responsible for the conversion of direct current from photovoltaic 

modules to alternating current for electric transport network. 

A fundamental requirement for inverters is a high performance, for any value of the 

input signal as it will depend on the irradiation the modules receive. For this reason, it 

is essential that inverters have a low consumption and are well adapted to the load to 

be fed, so that most of the time work in conditions of high efficiency. 
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5. Installation design 
 

The objective of this thesis is to analyze and compare two photovoltaic solar 

installations located in zones with totally different weather conditions, such as Maribor 

(Slovenia) and Murcia (Spain). Each of them should yearly produce 5000 kWh of electric 

energy which is enough to provide yearly net self-sufficient energy supply of a 

household. 

5.1. Situation and location 
 

The exact locations selected for this analysis are: 

5.1.1. Maribor PV Plant: 

 

Geographical coordinates: 

 Latitude:    46°32′5,24″ S  

 Longitude: 15°38′24,17″ W 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MARIBOR PV PLANT 

Figure 10. Maribor location. 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
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5.1.2. Murcia PV Plant: 

 

Geographical coordinates: 

 Latitude:    37°59′49,8″ S  

 Longitude: 1°6′36,42″ W 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2. Weather 
 

The calculations of electric energy production are based on meteorological data 

provided by the program called Meteonorm, which is a comprehensive climatological 

database for solar energy applications. It comprises not only numerous databases from 

all parts of the world, but also a large number of computational models developed in 

international research programs. 

Meteonorm is primarily a method for the calculation of solar radiation, on arbitrarily 

orientated surfaces, and at any desired location.  

 

 

 

 

 

 

Figure 11. Murcia location. 

MURCIA PV PLANT 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
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5.2.1. Maribor 
 

Maribor has a humid continental climate, bordering on oceanic climate. Average 

temperatures hover around zero degrees Celsius during winter. Summer is generally 

warm. Average temperatures during the city's warmest month (July) exceed 20 degrees 

Celsius. The city sees on average roughly 900 mm of precipitation annually, and it's one 

of the sunniest Slovene cities, with an average of 266 sunny days throughout the year.  

Table 1 and figures 12 to 17 show the irradiation and temperature data for this city 

[8]: 

 

 
 
 

 

 

 

 

 

 

 

 

 

Where: 

 Gh: Horizontal Global Irradiation (kWh/m2) 

 Dh: Horizontal Diffuse Irradiation (kWh/m2) 

 Bn: Irradiation of the Normal Direct Radiation (kWh/m2) 

 Ta: Ambient Temperature (ºC) 

 Td: Temperature Difference (max-min) (ºC) 

 

 

 

 

 

 

Table 1. Maribor Solar radiation and Temperature. 

https://en.wikipedia.org/wiki/Humid_continental_climate
https://en.wikipedia.org/wiki/Oceanic_climate
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Figure 12. Maribor Solar Radiation. 

Figure 13. Maribor Temperature. 

Figure 14. Maribor precipitation. 
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Figure 16. Maribor daily global radiation. 

Figure 17. Maribor Daily temperature. 

Figure 15. Maribor Sunshine duration. 
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5.2.2. Murcia 
 

Murcia has a hot subtropical semi-arid climate with Mediterranean influence. Given 

its proximity to the Mediterranean Sea. It has mild winters and hot summers. 

It averages more than 320 days of sun per year. Occasionally, Murcia has heavy rains 

where the precipitation for the entire year will fall over the course of a few days. 

In the coldest month, January, the average temperature range is maximum of 16.6 °C 

(62 °F) during the day and a minimum of 4.7 C at night. In the warmest month, August, 

the range goes from 34.2°C during the day to 20.9°C at night. Temperatures almost 

always reach or exceed 40°C on at least one or two days per year.  

Table 2 and figures 18 to 23 show the irradiation and temperature data for this city 

[8]: 

 

 

 

 
 

 

 

 

 

 

 

 

 

Where: 

 Gh: Horizontal Global Irradiation (kWh/m2) 

 Dh: Horizontal Diffuse Irradiation (kWh/m2) 

 Bn: Irradiation of the Normal Direct Radiation (kWh/m2) 

 Ta: Ambient Temperature (ºC) 

 Td: Temperature Difference (max-min) (ºC) 

 

Table 2. Murcia Solar Radiation and Temperature. 

https://en.wikipedia.org/wiki/Subtropical
https://en.wikipedia.org/wiki/Semi-arid_climate
https://en.wikipedia.org/wiki/Mediterranean_Sea
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Figure 18. Murcia Solar Radiation. 

Figure 19. Murcia Temperature. 

 

Figure 20. Murcia Precipitation. 



Sizing of a grid-connected photovoltaic system for yearly net self-sufficient energy supply 25 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Murcia Sunshine duration. 

Figure 22. Murcia daily global radiation. 

Figure 23. Murcia daily temperature. 
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5.3. Input data 
 

As already explained in previous sections of this thesis, the main objective is to study 

and compare two PV plants located at two places, were the weather conditions and solar 

irradiation are completely different: one location is Maribor, in Slovenia, and the other 

is Murcia, in the south of Spain. 

The total energy to be generated in both locations is 5.000 kWh/year; with this 

parameter, with the weather conditions and irradiation parameters obtained from 

reputable sources as Meteonorm data base, and with the simulations done with PVSyst 

software, each power plant can be sized accordingly. 

Firstly, we are going to size each power plant without the software, as it takes into 

account a series of losses, so we can then compare both results.  

 

5.3.1. Maribor PV plant 
 

In order to calculate the power of the photovoltaic generator (kW) we use the 

following equation, which is the proposal by I.D.A.E. in its Technical Specifications. 

p cem

mp

dm

E ·G
P =

G ( , )·PR 
 

Where: 

 Ep: Energy fed into the grid (kWh/day). 

 Gcem: Constant radiation having a value of 1(kW/m2). 

 Gdm (α, β): annual average value of daily irradiation (Kwh/m2·day), α being the 

azimuth of the installation, in our case is 0 °, and β the tilt of the panels in our 

case is 36 °. According to Table 1 is 1201 kWh/m2 = 3,3 kWh/m2·day. 

 PR: "performance ratio" of the system, which takes into account all efficiency 

losses resulting from current module temperature, module mismatch, varying 

irradiance conditions, dirt, line resistance and conversion losses in the inverter. 

Well-designed PV plants achieve average PR of 80% to 90% throughout the 

year. According to International Energy Agency we take a PR value of 85% [9]. 

 Pmp: photovoltaic power generation (kW). 

 Np: number of needed modules. 

p

2

mp 2

p

5000 kWh/ anual
E = = 13,699 kWh/ day

365day

13,699 kWh/ day×1kW/ m
P = = 4,884 kW

3,3kWh/ m ·day×0,85

4884 W
N = = 18,08 19

270 W
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To reach the energy objective of the Maribor PV Plant, it will be necessary to install 

4,884 kW.  

Considering that the power of selected panels (shown in following sections) is 270 

W, the PV plant will have 19 modules. 

 

5.3.2. Murcia PV plant 
 

In order to calculate the power of the photovoltaic generator (kW) we use the 

following equation, which is the proposal by I.D.A.E. in its Technical Specifications. 

p cem

mp

dm

E ·G
P =

G ( , )·PR 
 

Where: 

 Ep: Energy fed into the grid (kWh/day). 

 Gcem: Constant radiation having a value of 1(kW/m2). 

 Gdm (α, β): annual average value of daily irradiation (Kwh/m2·day), α being the 

azimuth of the installation, in our case is 0 °, and β the tilt of the panels in our 

case is 30 °. According to Table 2 is 1757 kWh/m2 = 4,82 kWh/m2·day. 

 PR: "performance ratio" of the system, which takes into account all efficiency 

losses resulting from current module temperature, module mismatch, varying 

irradiance conditions, dirt, line resistance and conversion losses in the inverter. 

Well-designed PV plants achieve average PR of 80% to 90% throughout the 

year. According to International Energy Agency we take a PR value of 85% [9] 

 Pmp: photovoltaic power generation (kW). 

 Np: number of needed modules. 

p

2

mp 2

p

5000 kWh/ anual
E = = 13,699 kWh/ day

365day

13,699 kWh/ day×1kW/ m
P = = 3,344 kW

4,82 kWh/ m ·day×0,85

3344 W
N = = 12,39 13

270 W


 

To reach the energy objective of the Murcia PV Plant, it will be necessary to install 

3,344 kW.  

Considering that the power of selected panels (shown in following sections) is 270 

W, the PV plant will have 13 modules. 
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5.4. Preliminary calculations 
 

The first step in the photovoltaic plant design is to determine the total power to 

install.  

It has been used a specific software for photovoltaic systems called PVsyst, which is 

able to import meteorological data from different sources, and calculate the energy 

generation [10]. 

To reach the energy objective of 5.000 kWh, a preliminary analysis has been done 

with a prototype PV plant of 99,4 kWp, with a generic PV module. The rest of 

configuration parameters of this simulation has been automatically selected by the 

software.  

It is necessary to clarify that this preliminary analysis has been done with PV module 

Bisol 270 Wp polycrystalline, to find out the efficiency of each one of the solar plants, 

calculating the “equivalent hours”; the final configuration will also be done with this PV 

module. 

The main parameters are the following: 

Total power:  99,4 kWp 

PV Module:  BMU-270 

Nº modules in serie: 23 

Nº parallel strings: 16 

 Inverter:   Sunny Tripower 60-10 

It should be clarified that that potential pre dimensioning of equipment and total 
power, leads to the same value of operating hours for any installed power of 10, 100 or 
10,000 kW. So after choosing the panel (BMU-270) and the inverter (Sunny Tripower 60-
10), we got into the program 100 kW. The point is that to function properly an inverter 
from the electrical point of view, it is necessary to set the voltage and current input by 
grouping the panels in series to form what are called strings, and then connecting these 
strings in parallel before connecting them to the inverter. What happened was that 
when selecting random inverter and 100 kWp, the program automatically modified 
these values so that they were electrically correct, and created an installation with 
parallel of a total of 16 strings, each with 23 panels series. That is why dropped the 
power to the 99.4 kWp. 
 

With the first analysis, based on the calculation with Suntech panel, we tried to 

determine the solar potential of each discussed site. To do this, any panel and any 

inverter could be used, since what is sought is to get the equivalent number of hours. 

Obviously each set of modules and inverters has its own characteristics and efficiency 

values and the obtained equivalent hours vary slightly among individual sets. But, all we 

are looking for, is the evaluation of PV potential. 
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5.4.1. Tilt and Orientation 
 

Among the most important parameters in a photovoltaic plant are the tilt and 

orientation of the solar modules, which determinate the capability of the module to 

maximize the captured solar radiation during the year. 

In this way the modules will be South oriented (Azimuth 0), and the suitable tilt angle 

is calculated with the next equation [10]: 

𝛽 = 3.64 + 0.69 ∙ Latitude 

Taking into account the coordinates of both PV plants the obtained angles are: 

a. Maribor: 

 

 Latitude:    46,534789°S 

 Longitude: 15,640048° W 

  

The obtained tilt angle is 35,75°. 

 

 

 

 

 

 

b. Murcia: 

 

 Latitude:    37,997166° S 

 Longitude:   1,110117° W 

 

The obtained tilt angle is 29,85°. 

 

 

 

Figure 24. Maribor Tilt and Azimut [10]. 

Figure 25. Murcia Tilt and Azimut [10]. 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
https://tools.wmflabs.org/geohack/geohack.php?pagename=Salelologa&params=13_44_16_S_172_13_14_W_type:city_region:WS
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5.4.2. Maribor PV plant 
 

The following images show the preliminary simulation for the Maribor plant [10]: 
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Taking into account the total energy generated and the total installed power in 

the PV plant, the generation capability in equivalent hours is: 

124539kWh
= 1253h

99,4kWp
 

This value represents the theoretically calculated energy that any solar plant in 

this location will produce in one year, assuming that it works at nominal power during 

this time. 
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Therefore, the total PV power which is necessary to install in this location is: 

5000kWh/ anual
= 3.99kW

1253h
 

which is less than 4.88 kW calculated in 5.3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sizing of a grid-connected photovoltaic system for yearly net self-sufficient energy supply 34 
 

5.4.3. Murcia PV plant 
 

The following images show the preliminary simulation for the Murcia plant [10]: 
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Taking into account the total generated energy and the total installed power in 

the PV plant, the generation capability in equivalent hours is: 

172440kWh
= 1735h

99,4kWp
 

This value represents the theoretically calculated energy that any solar plant in 

this location will produce in one year, assuming that it works at nominal power during 

this time. 



Sizing of a grid-connected photovoltaic system for yearly net self-sufficient energy supply 37 
 

Therefore, the total PV power which is necessary to install in this location is: 

5000kWh/ anual
= 2,882kW

1735h
 

which is again which is less than 3.34 kW calculated in 5.3.2. 

 

5.5. Description of the PV plants 
 

5.5.1. Maribor PV Plant  
 

As mentioned in previous sections, to reach the energy objective of the Maribor PV 

Plant, it will be necessary to install 3,99 kW.  

Considering that the power of selected panels (shown in following sections) is 270 

W, the PV plant will have 15 modules. 

p

3990 W
N = = 14,77 15

270 W
  

These modules will produce the energy in DC, and they will be connected to a 

central inverter of 4,6 kW to convert it to AC. The AC output of the inverter will be 

connected to the electrical grid through a protection breaker in the main panel board of 

the building, and to differentiate the energy supply/consumed to the grid, a two-way 

meter will be installed. 

 

 

 

 

 

 

5.5.2. Murcia PV Plant  

 

As mentioned in previous sections, to reach the energy objective of the Murcia PV 

Plant, it will be necessary to install 2,882 kW. 

Considering that the power of selected panels (shown in following sections) is 270 

W, the PV plant will have 11 modules. 

p

2882
N = = 10,67 11

270
  

Figure 26. PV plant scheme. 
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These modules will produce the energy in DC, and they will be connected to a central 

inverter of 3,3 kW to convert it to AC. The AC output of the inverter will be connected 

to the electrical grid through a protection breaker in the main panel board of the 

building, and to differentiate the energy supply/consumed to the grid, a two-way meter 

will be installed. 

 

5.5.3. Selected Solar Modules 
 

The solar module selected for both plants is the BISOL BMU-270, with a maximum 

power output of 270 W.  

The modules will withstand humidity and salt mist conditions, being also dust and 

water proof. 

(Datasheet can be find in Annex 1) 

 

5.5.4. Selected inverter 
 

The inverter transforms the DC current generated by the PV modules into AC current 

in low voltage. The selected inverters are the INGECON SUN 1Play TL M, which are 

inverter with an output rated power of 4,6 and 3,3 kW respectively, which features a 

double MPP tracking system that enables it to harvest the maximum power from the PV 

plant, even under difficult situations, such as partial shadings, scattered clouds or on-

roof installations with different orientations.  

(Datasheet can be find in Annex 2) 
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5.6. Final energy generation 
 

In each case, once introduced all the parameters (from the previous subsection) in 

the PVsyst software, the final results of production are [10]: 

 

5.6.1. Maribor PV plant 
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5.6.2. Murcia PV plant 
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5.7. Comments 
 

Based on the data obtained from the Micro solar power plant of the UM Feri in 2015, 

we are going to determine the time of operation with a power installed of 7,5 kWp. 

Then, we are going to sized a power plant with this data knowing that the total energy 

to be generated is 5000 kWh/year. 

Using the data from Figure 24, we calculate total energy generated: 

TW = 229, 4 + 410,8 + 845,1+1256 +1034, 2 +1295,3 +

+1269,7 +1330,3 + 798 + 421,5 + 370,1+ 266, 2 = 9526,6 kWh
 

Taking into account the total energy generated and the total installed power in 

the PV plant, the generation capability in equivalent hours is: 

9526,6kWh
= 1270h

7,5kWp
 

Therefore, the total PV power which is necessary to install in this location is: 

5000kWh/ year
= 3,94kW

1270h
 

To reach the energy objective of the Maribor PV Plant, it will be necessary to install 

3,94 kW.  

Figure 27. Total energy power plant UM Feri (2015) [15] 
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Considering that the power of selected panels (shown in following sections) is 270 

W, the PV plant will have 15 modules. 

p

3937 W
N = = 14,58 15

270 W
  

From the Micro Solar Power Plant of UM Feri in 2015, we determine that it had 1270 

hours of operation. Normally, in Maribor the time of operation is between 900 and 1000 

but that year was a year with a lot of hours of sun. We obtained the same number of 

panels with BMU-270 characteristics as the PV plant calculated with PVsyst. 
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6. Conclusion 
 

The aim of the project was to study and compare two photovoltaic plants that could 

provide yearly net self-sufficient energy supply of a house with an average consumption 

of 5000 kWh per year. The house is connected to the grid (so it was not necessary to use 

batteries). 

From a daily consumption of 5000KWh/365 and irradiation data (Table 1 and 2), the 

size of the installation and the number of modules required was designed. The energy 

produced by the photovoltaic system was also obtained. 

If we make a first analysis comparing the data obtained by PVSYST and without 

software, we can observe that in the case of Maribor we obtained a power of 4,884 kW 

and 19 modules without using the software and 3.99 kW and 15 modules by PVSYST. In 

the case of Murcia 3,344 kW and 13 modules were obtained without using the program 

and 2,882 kW and 11 modules by PVSYST. The number of modules required at both 

installations is reduced when using PVSYST and this is because the program in the power 

calculation takes into account a series of losses that we do not have.  

The results obtained by the program seems to be overestimated for 20% or more. 

If we now compare both installations (Maribor and Murcia), the installation in 

Murcia will have a lower cost, needing fewer panels and less input power to the inverter. 

In addition, will also have a higher efficiency due to fewer hours of sunshine in Maribor. 

Of the latest results obtained with PVSYST we can get that Maribor will have a 

production energy of 5044 kWh/year and Murcia 5116 kWh/year. 

We can say that both PV plants designed fulfill the parameters required for 

installation and operation, referring to the energy supply of housing. 

At the end of the lifespen of the installations discussed in this project, they could be 

replaced with further developed and more efficient technologies, and thus continue the 

advantage of discussed installations. 

As prospects, is proposed the ability to supply and sell excess energy to the electrical 

grid making profits and with the advantage of supplying possible peak consumption, ie, 

give the house the ability to work not only as a load but also as a generator. 
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ANNEX 1 
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ANNEX 2 
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