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ABSTRACT 

 

Solar photovoltaic technologies are well known in the sustainable energy field, 

however, there are more technologies than the ones most people know. Crystalline 

Silicon is by far the most popular technology, although there are other interesting 

technologies with other features in the market, like CIGS and concentration III-V 

Multijunction cells. 

The range of application of solar photovoltaics is also very broad, where residential 

applications have become an interesting option to generate and consume energy, 

enhanced due to the latest regulation changes in Spain. 

That is why; a comparison of three photovoltaic technologies by dimensioning a block 

of buildings has been performed. 

In order to compare the three selected technologies, a first theoretical approach has been 

performed: looking at market shares, prices in the market, efficiencies and other 

technological aspects of each technology. 

Secondly, a practical simulation has been carried out. A real location has been selected 

and then, with the help of the software SAM, each technology has been simulated. 

The practical simulations back up the theoretical comparison between the three 

technologies. Compared to Monocrystalline Silicon, CIGS has proved to be a cheaper 

but less efficient option with a more flexible application, while concentration III-V 

Multijunction cells, a more expensive option with an outstanding efficiency. 

 

Keywords: Photovoltaics, Monocrystalline Silicon, CIGS, Multijunction III-V, 

dimensioning 
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1. INTRODUCTION 

 

1.1. CLIMATE CHANGE AND WORLD’S ENERGY 

SITUATION 

 

One of the most important issues the World has been facing lately is the CO2 emissions 

reduction. According to the United Nations, climate change is a major challenge for our 

society; humans are the major responsible for greenhouse effect gases, being CO2 the 

most representative. This situation comes from the increase in World population year 

after year together with the level of life of developed countries, as well as the increment 

of industry and deforestation. This is reflected in the energy consumption in the World, 

and as can be appreciated in Figure 1.1, the energy consumption worldwide increased 

by 10 times since 1950 due to all the above-mentioned factors.  

 

 

Fig 1.1. Evolution of the World’s Energy consumption in TWh for different energy sources [1] 

 

Figure 1.1 also represents very clearly that fossil fuels are still the major energy sources 

in the World. 

According to some studies, global warning may have reached a point of no return and it 

is already having terrible environmental consequences. 

Global warming awareness started back in 1995, when the United Nations members 

agreed to apply the Kyoto protocol searching for the reduction of CO2 emissions. Later 
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in 2015, in the 21st Paris conference of the United Nations, all actions related to carbon 

emissions reduction and temperature raise were intensified, having as objective to 

maintain the yearly temperature raise below 2°C. This objective can only be achieved 

by reducing carbon emissions worldwide. The obvious action to achieve the Paris 

conference objectives comes from reducing the use of standard energy sources such as 

fossil fuels [2]. Thus, renewable energies take a very important role on this process of 

decarbonization. 

On a parallel plane, the European Union set in 2008 a set of actions regarding climate 

change, the 20-20-20 objectives, which seeks a 20% reduction in greenhouse effect 

gases, a 20% increase in renewable energies proportion and a 20% raise in energy 

efficiency by 2020. In addition to those measures, there is also a political frame of 

action with more energy policies in order to make the European Union energy situation 

competitive and sustainable at least until 2030 [3].  

All these compromises in fighting against global warming present a very good prospect 

for renewable energies development. The importance of shifting the world’s energy 

consumption from fossil fuels to renewable energies such as solar, wind and 

hydropower is a key issue to reduce the CO2 emissions. 

 

1.2. THE ROLE OF SOLAR PV IN THE WORLD AND IN 

SPAIN 

 

Solar PV technology stands out as one of the main renewable energies to lead the 

transition to a new way of consuming energy. Its use affects clearly the reduction in 

CO2 emissions, helping to achieve the European Union and United Nations objectives. 

Figure 1.2 shows the relationship between the energy produced by PV systems in 

Germany and the associated trimming in CO2 emissions. This pattern can be taken as an 

example of the direct positive effect PV systems have regarding climate change, not 

only for Germany but also for the whole world. 
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Fig 1.2. Germany's PV energy produced vs Avoided CO2 emissions [4] 

 

Renewable energies situation in the world is remarkable, although there is still room for 

improvement; fossil fuels still hold around a 79.5% share of energy consumption, and 

renewable energies account for nearly 10.4%.  

When looking into the ways energy is consumed (Figure 1.3), renewable energies take 

an important role in acclimatization with 27% of the 48% overall heating and cooling 

consumption, a 3% of the transport category share and 25% out of the raw power 

generation sector [5]. 

 

 

Fig 1.3. Share of renewable energies by Energy consumption sector [5] 
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Solar PV energy installed capacity in the world has increased very rapidly over the last 

years, mainly due to China’s strong investment in PV technology, which represents 

more than a quarter of the global PV installed capacity in the world. China’s effort in 

boosting PV energy generation is one of the main reasons for the sector to follow an 

increasing trend. Also, the $/Wp reduction in PV modules is a trend that helps the 

photovoltaic market growth in installed capacity and energy generation. 

 

Fig 1.4. PV world's installed capacity since 2007 [5] 

 

Spain stands at sixth place among European countries regarding energy generation from 

renewable energies. In 2017, there were 48185 MW of renewable energies’ installed 

capacity, which represented 46% out of the total picture of Spain’s energy production 

[6]. 

However, in Spain the solar PV growth pattern is different. Even though the 

renewable’s situation is good, solar PV has not seen such a remarkable development, as 

the installed capacity of solar PV has remained constant for some years, as figure 1.5 

demonstrates. 
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Fig 1.5. Solar PV installed capacity in Spain since 2010 [7] 

 

Figure 1.6 shows the distribution of solar PV energy generation across the Spanish 

territory in 2017, where southern regions hold the most part of the energy generated. 

This is due to the climatological conditions and the amount of space available. 

 

Fig 1.6. PV production in Spain in 2017 [6]  

 

Weather plays an important role in PV generation and Spain’s solar resource is very 

favorable, not only in southern regions but in the whole region compared to other 

European countries, as Figure 1.7 shows. Spain has approximately 1800 kWh/m
2
 of 

global solar irradiation per year for optimally tilted photovoltaic modules that are south 
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oriented, according to the European Commission Photovoltaic Geographical 

Information System [8]. 

 

Fig 1.7. Solar resource in Europe [8]. The image from the European Commission Geographical 

Information System gives an overview of the yearly solar resource for the European territory.  

 

1.3. AIM AND MOTIVATIONS OF THIS PROJECT 

 

Solar PV energy is a one of the most well-known renewable energies. It is one of the 

main technologies to take a step forward in the fight against climate change.  

PV solar energy is already a popular technology and it is receiving the recognition it 

deserves. This technology has a lot advantages: It is a very safe technology and it is 

very well accepted by society, it has low operating costs, the modules have a very long 

durability, with a lifetime of 20 to 25 years. It does not contribute to pollution nor CO2 

emissions as much as fossil fuels and it can be installed in almost every location (given 

a place with enough solar resource) and there are several viable options for installing 

PV energy, whether it is grid connected or isolated, in the form of a PV farm or in 

buildings [9]. Even in buildings, PV systems can be installed in the roofs, the most 

popular configuration, or building integrated like in facades or windows. The buildings 

can be residential, service oriented or industrial and it not necessary to be a new 

construction, as PV technologies can be installed also in already built buildings, having 

a very important role on energy efficiency and energy savings in cities and countryside. 

Solar PV applications does not stop in buildings and farms, this technology is in 

constant research in order to integrate in more aspects of our daily life, like cars. 
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Moreover, solar PV has played a very important role in space applications for decades 

and research is still ongoing. 

Therefore, the motivation behind this project comes from the fact that even though solar 

PV is very well-known, most people only know about the regular PV panels based on 

Silicon, either Monocrystalline, Polycrystalline or Amorphous Silicon.  

That is why the objective of this project is to compare three solar PV technologies, 

being one of them the popular Monocrystalline Silicon, and the other two CIGS and 

concentration III-V Multijunction III-V cells, which are technologies that are not as 

familiar but have other interesting features that are to be analyzed.  

 

Fig 1.8. Solar PV modules selected for the project. a) Monocrystalline Silicon module [10]. b) CIGS 

module [11]. c) Multijunction III-V with concentrator modules mounted on a solar tracker [12]. 

 

Also regarding the wide range of PV applications, these technologies are going to be 

compared for the case of residential purposes. The method to do so is by means of 

dimensioning a group of buildings and simulating each system with the software SAM. 
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2. STATE OF ART 

 

2.1. FUNDAMENTALS OF SOLAR PV TECHNOLOGY 

 

PV cells are elements that turn sunlight directly into DC current. PV cells are the 

minimal assembly in solar photovoltaics. They can be aggregated into modules, where 

PV cells can be connected in either series or parallel forming arrays or strings in order 

to create a PV system.  

Atoms have two main units, the nucleus and the electrons, which are rotating in an orbit 

around the nucleus. When electrons are close to the nucleus, the energy required to beat 

the nucleus attraction is larger than the ones that are further away from it. The electrons 

in the outer radius are what is called the valence band. 

PV cells are usually built by semiconductor material layers that have, among other 

properties, a range of band gap energies interesting for PV applications. The band gap 

energy can be defined as the minimum energy an electron needs to separate from the 

nucleus; if an electron gets to separate from the nucleus, a space is created, what is 

called a hole. Table 2.1 represents the band gap energy of some of the most used 

semiconductor materials at 300K: 

TABLE 2.1. 

SEMICONDUCTOR MATERIALS AND THEIR BAND GAP ENERGY AT 300K [13] 

Semiconductor 

materials 

Band gap 

Energy (eV) 

Si 1.11 

Ge 0.66 

GaSb 0.68 

GaAs 1.43 

CdTe 1.44 

 

Another property of semiconductors is that by introducing a small portion of material 

(what is known as doping) the electric properties of the semiconductor change. When 

semiconductors are doped they are called extrinsic semiconductors, and this doping can 

either be N or P type [14]: 
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 N-type semiconductors like phosphorus (P) for Silicon (Si). Taking Si as 

example, an n-type semiconductor is created when elements in group V such as 

P, As or Sb replace Si atoms. By doing so, the material now has extra electrons 

in the valence band, which will help conductivity. 

 P-type semiconductors like Boron (B) for Silicon (Si). Taking Si again as 

example, a p-type semiconductor is created when elements in group III such as 

Ga, In or B replace Si atoms. By doing so, the material now has extra holes in 

the valence band. 

Figure 2.1 shows the list of semiconductor elements and the group they belong, which 

helps understand the elements used for n- and p-type doping depending on the group the 

semiconductor belongs: 

 

Fig 2.1. List of semiconductors [15] 

 

A p-n junction occurs when an n- and a p-type semiconductors are put together. When 

this happens, the extra electrons of the n-type semiconductor try to fill the extra holes of 

the p-type semiconductor. This creates a positive charged region on the n-type 

semiconductor side and a negative charge on the p-type semiconductor side, which is 

called the depletion region. This situation crates an electric field that goes from the n- to 

the p-type semiconductor side. Figure 2.2 shows how a p-n junction is formed and how 

the electric field is created in the depletion region.  
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Fig 2.2. P-n junction diagram [16] 

 

A solar PV cell is formed by a p-n junction. When the cell is exposed to sunlight, the 

semiconductor absorbs the incident photons’ energy and when this energy is large 

enough, electron-holes pairs are created. When the electron-hole pairs are close enough 

to the electric field formed by the p-n junction, a movement of electrons will be 

produced in the opposite direction of the electric field (from p to n) and consequently, a 

flow of holes from n to p. 

The free movement of electrons creates an electric current when the cell is exposed to 

light, which is known as the photovoltaic effect, as Figure 2.3 represents.  

 

Fig 2.3. Scheme of the photovoltaic effect [14] 
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Solar PV cells can be represented as a simple circuit model. The circuit is composed of 

a current source representing the photovoltaic effect explained above, a diode with ID 

current that takes into account losses due mainly to recombination effects, a series 

resistance, which represents the cell’s ohmic losses, and a parallel shunt resistance, as 

pictured in Figure 2.4: 

 

Fig 2.4. PV cell circuit scheme [14] 

 

When sunlight hits the cells, the current produced by the cell follows the expression in 

Equation 2.1: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 = 𝐼𝑝ℎ − 𝐼0 (exp (
𝑒𝑉

𝑘𝑇𝑐
) − 1)  (2.1) 

Being k Boltzmann’s constant, Tc the absolute temperature of the cell, e the electron 

charge, V the voltage across the cell and I0 the dark saturation current. 

The previous equation is very useful regarding the operation of solar cells. Every point 

of operation of the PV cells can be represented in the I-V curve (which follows 

Equation 2.1) and the power curve of the cell, as Figure 2.5 represents: 
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Fig 2.5. I-V curve and power curve of a typical solar cell [17] 

 

Isc is the short circuit current, the maximum current at zero voltage across the cell. Voc is 

the open circuit voltage, the maximum voltage when no current crosses through the cell. 

VMP and IMP represent the maximum point voltage and current, where PMP is maximum 

power point at which the cell can operate. The maximum point current and voltage, and 

the fill factor define this maximum power point. The fill factor FF represents the 

squared area below VMP and IMP, and it has a value of up to, where the higher the FF the 

larger the maximum power PMP is: 

 

𝐹𝐹 =
𝑃𝑀𝑃

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶
 (2.2) 

  

The last definition of the solar cells is the efficiency, which is defined by the following 

Equation 2.3: 

 

𝜂 =
𝑃𝑀𝑃

𝑃𝑖𝑛
=

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶 ∙ 𝐹𝐹

𝐺 ∙ 𝐴
 (2.3) 
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Where Pin is the incident power, G is the irradiance in W/m
2
 and A is the cell area in m

2
. 

All these characteristic points define the performance of the solar cell and they are 

present in any datasheet of solar cells and modules [17].  

When dealing with PV modules datasheets, the parameters defined above will be given 

usually in STC (Standard Test Conditions), which are certain constant conditions that 

are used in order to standardize PV cells and modules characteristics and make them 

easier to compare. STC are cell temperature of 25 °C, irradiance of 1000 W/m
2 

and AM 

1.5 [18]. Another measurement for the irradiance is Suns (X), which is defined as: 

 

1𝑋 = 1000 𝑊/𝑚2 (2.4) 

 

Air mass (AM) defines how the intensity of solar radiation is affected by the 

atmosphere’s absorptivity, thus helping to know how much sunlight gets to the earth 

surface without being absorbed. Figure 2.6 represents the case of AM0 and AM1.5 

global and direct spectral irradiances versus light wavelength. AM0 is the irradiance 

outside the Earth’s atmosphere, while AM1.5G is the global irradiance in the Earth; 

global irradiance is equal to the direct plus the diffuse radiation. Thus, AM1.5D 

represents the direct irradiance in the Earth. Note that concentration PV systems are 

evaluated in AM1.5D, because the solar cells under the concentrator are going to see 

only the direct component of solar irradiance. 
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Fig 2.6. AM0 and AM1.5 Irradiance [19] 

 

2.2. GRID-CONNECTED PV SYSTEMS 

 

PV systems can be either grid connected or isolated systems. For residential purposes, 

the selection of one type over the other will depend on the availability and accessibility 

of the grid; for example, a house in the countryside with difficult access to the grid will 

tend to select an isolated system better than the grid-connected configuration. However, 

in cities for example, where the grid is accessible, it is more efficient to select a grid 

connected PV system. This configuration allows generating energy during the day for 

self-consumption while sending the excess to the grid, and during night or not sunny 

periods, consuming from the grid. 

For this project’s comparison, a grid connected PV system has been selected for the 

specific characteristics of the location. A grid connected PV system is composed of the 

PV modules, which generates in DC, an inverter, which converts the DC into AC 

current and finally some electrical protections [20]. Figure 2.7 shows a schematic of a 

grid-connected PV system and its main components. 



 
 

15 

 

 

Fig 2.7. Grid-connected system scheme 

 

2.2.1. MODULES 

 

PV cells technologies can be classified in five main groups according to NREL’s 

(National Renewable Energy Laboratory) criteria: Crystalline Silicon cells, Thin Film 

cells, Single Junction GaAs, Multijunction cells and Emerging PV technologies such as 

organic and Perovskite cells [21]. 

Among Crystalline Si cells, there are Polycrystalline and Monocrystalline with and 

without concentrator. Thin Film technologies are composed of CIGS and CdTe cells. 

Multijunction cells can either have two, three or four junctions and the possibility of 

having a concentrator. 

 

2.2.2. INVERTERS 

 

The inverter is the device that allows converting the DC current in the PV modules into 

AC current. One of the characteristics of an inverter is its efficiency, defined as the 

relationship between the power delivered by the inverter (output power) and the power 

from the generator (PV modules), which is the inlet power [22].  

PV 
modules Inverter Grid 
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In PV applications, one of the criterions to select the inverter is the DC/AC ratio of the 

system. This ratio is defined as the ratio between the DC installed power of the system 

(the power of the installed modules) and the AC capacity of the inverter. When 

selecting an inverter for PV applications, it is usual to try to obtain a DC/AC ratio >1. 

The reason for this is to maximize the energy produced by the system during the day 

reducing clipping losses as much as possible. Clipping losses appear when the energy 

produced by the PV system is larger than the AC capacity of the inverter. Therefore, the 

usual DC/AC ratio to achieve is around 1.2, which is the usual ratio that balances the 

energy production and the clipping losses of the inverter [23]. Figure 2.8 represents the 

clipping loss of an inverter with a high DC/AC ratio and the extra energy that is 

produced. In the figure, the blue line represents a lower DC/AC ratio, in that case, there 

would be no clipping losses but the energy that the system would be able to produce is 

much lower than the case of a higher DC/AC ratio.  

 

Fig 2.8. Influence of the DC/AC ratio of an inverter on the energy produced by a PV system [24] 

 

Another criterion for the selection of the inverters in PV systems that is going to be 

applied in Chapter’s 4 “Comparative study” is that when selecting an inverter it has to 

be able to endure the maximum voltage power point of the system. This maximum 

power point will depend on the size of the PV installation [25]. 
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In general, for solar PV applications there are three main types of inverters depending 

on the service required for the system [4] [26]. 

 Central Inverter: Central inverters are usually used for large applications, like 

solar farms or industrial units. Figure 2.9 shows how all the arrays are connected 

to the central inverter through their own string in a PV system. 

 

 

Fig 2.9. Central inverter scheme [20] 

 

 

These inverters are usually used for applications with more than 80kWp and 

record up to 98.5% efficiency. These inverters represent an estimated 44% of the 

inverter market share and their cost stays at 0.05 €/Wp. 

 

 String inverter: These inverters are easier to manipulate, as they can be mounted 

either on walls or on the floor. String inverters are connected directly to each 

string of PV modules making the maintenance of the installation simpler as they 

are easier to replace. The main use of these inverters is for residential purposes, 

with powers up to 150 kWp. They present a larger efficiency than central 

inverters, reaching up to 98.5% and a market share of around 52%. Their cost is 

between 0.06 and 0.17 €/Wp. 
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Fig 2.10. String inverter scheme [20] 

 

 

 Micro inverter: Micro inverters are connected directly to each module of the 

system; this allows using the general AC wiring in the majority of the system. 

The price range is much larger compared to the two previous types of inverter, 

ranging 0.28€/Wp. These inverters are still less used than central and string 

inverters, as they only represent a 1% of the global market share of inverters 

with an efficiency of between 90% and 95%. 

 

Fig 2.11. Micro inverter scheme [20] 

 

2.3. LOSSES 

 

Regarding a grid-connected system, the energy production of the system is going to be 

determined by the power of the modules and their efficiency, however, in real life 

practice, the energy produced by the modules even in the most optimal conditions is not 
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going to reach the theoretical maximum. This is due to the existence of losses in the 

system. 

Some of the most important losses to be accounted when studying a photovoltaic 

installation are the following [27]: 

 Orientation: The orientation of the modules is an important factor when 

designing a PV system. The most optimal orientation for the modules is south as 

overall it maximizes the energy production [28]. 

 Tilt angle: The tilt angle is another loss factor in the PV system. This one is 

important up to a certain point. For a tilt angle with ±10º different from the 

optimal, the losses will be only around 5%. 

 Shading: The effect of shading is also important in the design, as external 

elements to the system such as trees or nearby buildings can produce a shadow 

that will affect our system performance. 

 Dirtiness: Good maintenance of the modules is essential for any system. 

Environmental factors like rain or snow can get dirty the modules. The losses 

associated to dirtiness stay around 10 to 15%, which is important to emphasize. 

 Temperature: Temperature is another aspect to take into consideration. The 

effect of temperature is different depending on the module; that is why this 

factor is usually stated in their datasheet. 

 Wiring: Wiring losses also affect the system performance. As any other 

electrical arrangement, the electrical losses from the electric resistance of the 

wires will be reflected in the final energy production. 
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3. PV TECHNOLOGIES OF THE STUDY 

 

In this chapter, the three PV technologies that are going to be compared will be 

explained separately, stating their current situation in the world market, their main 

technological features and theoretical differences between one another. 

This chapter will serve as the base for Chapter 4, which addresses the simulation of each 

technology.  

The three solar PV technologies to be compared are Monocrystalline Silicon, CIGS and 

Multijunction III-V with concentrator. 

From a theoretical point of view, each of the groups stands at a different level regarding 

their cell maximum laboratory efficiency. In the following sections, Figure 3.1 will be 

used as reference when efficiencies are mentioned. 

 

 

Fig 3.1. Evolution of the cell laboratory achieved efficiency of the main PV technologies [21] 
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3.1. MONOCRYSTALLINE SILICON 

 

Crystalline Silicon is the most common PV material since the majority of the 

photovoltaic modules and cells are made of it. Among Crystalline Silicon technologies, 

this project is going to focus on Monocrystalline Silicon.  

Monocrystalline Silicon cells are based on pure silicon whose crystalline structure is 

uniform. Among Crystalline Silicon technologies, it reaches the highest efficiencies but 

also the most expensive manufacturing process among Si-based solar cells. 

Monocrystalline Silicon has reached a maximum efficiency of 26.1% in laboratory, 

however, in the market, the usual efficiency values are around 16% to 22%. The 

lifetime of the Monocrystalline Silicon modules goes from 25 to 30 years, same as 

Polycrystalline Silicon technology; however, its market share (38%) is below the one of 

Polycrystalline Silicon (47%) [29]. The reason Polycrystalline Silicon is more used than 

Monocrystalline Silicon is because it is cheaper. As Crystalline Silicon technologies are 

very common in the market, the range of prices at which they can be found is very 

broad. As it is a very used technology, its price in the market depends on the 

manufacturer and the provider of the modules. As an estimated value, one can say that 

the cost of Monocrystalline Silicon modules is around 0.72 $/Wdc [30]. 

Note that Crystalline Silicon technologies hold the biggest market share among all PV 

technologies. The main reason is that Silicon is already a very well understood material, 

it has been used for a long time and the technology is very developed, together with the 

fact that it is the second most abundant element on the Earth (Figure 3.2). 
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Fig 3.2. Abundance of Si on the Earth [31]. The figure shows the abundance of the different elements 

in ppm arranged by atomic number. 

 

However, the efficiency is stagnated since the end of the 90’s since this technology 

reached 93% of its maximum theoretical efficiency, as shown in Figure 3.3. 

 

 

Fig 3.3. Silicon cell efficiency evolution. The figure shows the evolution of Si cells efficiency and how it 

has not evolved since almost the year 2000. 
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3.2. CIGS 

 

CIGS or Cu(InGa)Se2 solar cells, belong to the thin film solar cell technology. The 

materials involved in this technology have a light absorption coefficient larger than 

other PV technologies, allowing the cells to be very thin. Among thin film, CIGS has 

proved to be the best at converting solar energy into electricity due to the Ga added to 

the original CIS cells. 

The typical structure of a CIGS cell (Figure 3.4) is composed of a p-type CIGS absorber 

and an n-type CdS layer. This is passivated by a ZnO layer and finally, covered by a 

TCO (transparent conducting oxide) layer. A Mo film forms the back contact, which 

also acts as a reflector.  

The whole structure is commonly deposited on soda lime substrate because it is a very 

common and low cost material. Although one of the most attractive characteristics of 

thin films is the possibility to use other mechanical supports to enhance the flexibility, 

p.e the ones used in this work (Section 4.6) where the support is an adhesive material 

designed for building integrating purposes that allows pasting the modules on any 

surface [32]. 

 

Fig 3.4. Typical CIGS cell structure [32] 

 

Some of the problems this technology presents are the difference between the 

theoretical laboratory efficiencies reached and the real market efficiencies. Even if 

CIGS is the most efficient technology among thin film, laboratory efficiency reached a 

maximum of 22.9% while the usual efficiency in the market stays around 11% to 14%. 

Furthermore, there are some issues with the materials used in these cells; Cd in the CdS 
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layer is very noxious, elements like In are very rare in nature and difficult to obtain and 

CIGS’s materials follow a rapid degradation process due to how the ambient conditions 

affect the materials [33]. 

Even so, CIGS future is bright, mainly because they are still far away from their 

maximum theoretical efficiency, so there are still possibilities for improvement. 

Besides, thin film market share is 15% among all PV technologies and the average cost 

of CIGS modules is 0.4 $/Wdc [34], compared to Monocrystalline Silicon’s 0.72$/Wdc, 

which is among the cheapest in solar PV technologies but could still reduce its costs by 

finding a more optimal production system, which actually is vacuum co-decomposition 

[32].  

 

3.3. CONCENTRATION III-V MULTIJUNCTION SOLAR 

CELLS  

 

III-V Multijunction high efficiency solar cells, also known as III-V tandem solar cells, 

are a technology that has its origins in space applications; however, recently it is starting 

to see also a development in terrestrial applications. 

This technology belongs to the highest efficiency record holder technology. 

Multijunction cells are based on the integration of different sub-cells (p-n junctions) 

made of different semiconductor materials with different band gap energies in order to 

take advantage of the solar spectrum, raising the overall efficiency of the cell. I.e. each 

layer, made of a designed material with specific bandgap energy responds to a certain 

light wavelength, thus, stacking all the cells will allow a wider range of sunlight to be 

captured by the cell. The name III-V Multijunction comes from the materials used in the 

layers, which are semiconductors of the groups III and V.  

Figure 3.5 represents a typical configuration of a Multijunction cell, which is usually 

composed of GaInP/InGaAs/Ge. 
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Fig 3.5. a) Multijunction III-V cell scheme. b) Solar spectrum absorbed by each III-V Multijunction 

subcell [35]  

 

For the purpose of the comparison, concentration III-V triple junction solar cells are 

going to be used in Chapter’s 4 simulation. 

One of the issues of this technology is that for terrestrial applications, the costs of the 

cells materials are very high, that is why Multijunction cells are usually installed paired 

with a concentrator. Using a concentrator allows the cell area to be reduced up to around 

5-10 cm
2
. Concentrators can be Fresnel type or mirrors/lenses and the concentration 

factor goes up to X1000 suns. This way, the total surface of cells can be reduced, thus 

reducing the production cost of the system. The use of solar concentrators is critical, as 

the cost of a system having no concentrator is 50 times larger than having a X1000 suns 

concentrator [36]. The counterpart is that when including a concentrator, the cost of the 

technology is less relevant, being the costs of the concentrators the most dominant in the 

system, therefore, the key to a better cost lies on the concentrators and solar trackers 

technology development and cost reduction [32].  

According to Figure 3.6, there exists a relationship between the III-V Multijunction 

solar cells efficiency and the Geometric Concentration ratio from which an estimated 

cost for these technology modules can be estimated.  
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The sun in Figure 3.6 represents the point at which a Multijunction III-V module would 

have approximately the same cost as a Moncrystalline Silicon module (~0.7 $/Wdc), 

which would be a 33% efficiency cell with a X1000 concentrator. 

Taking as an example the III-V Multijunction cells that are going to be selected in 

Chapter 4, those cells stand at ~39% efficiency and the concentrator ratio is X476. 

Thus, the cost of the modules will be of around 0.9$/Wdc. 

 

Fig 3.6. Geometric concentration and module efficiency effect on Multijunction III-V module cost 

[37] 

 

The maximum theoretical efficiency of this technology is almost unlimited, as one 

could stack up as much junctions as possible, however, for practical applications the 

maximum number of junctions is up to five. Three junction cells have a maximum 

theoretical efficiency of around 63%, however, the actual development of the 

Multijunction solar cells technology stands at 46% using four junctions and a X508 

concentrator [38]. 

Finally, it is interesting to remark that the market share of this technology is still below 

1%. It is developing in terrestrial applications, and although it has an outstanding 

efficiency, its cost is the major drawback. The evolution of Multijunction cells will be 

determined by how much are the costs reduced and how profitable they are compared to 

technologies like CIGS, of very low costs, and Crystalline Silicon cells, popular and 

present in the current market. 
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3.4. PV TECHNOLOGIES OF THE STUDY SUMMARY 

 

Table 3.1 shows a simplified summary of the theoretical properties of each technology 

as addressed in the three previous sections: 

TABLE 3.1. 

SELECTED PV TECHNOLOGIES SUMMARY 

 
Market 

share 

Record 

Efficiency 

State of the 

technology 

Monocrystalline 

Silicon 
38% 26.10% 

Very present in 

today’s market due to 

the advanced 

knowledge on the 

materials and 

manufacturing 

processes. 

CIGS <15% 22.90% 

A promising, raising 

technology which is 

starting to see more 

representation in the 

market. It still has to 

overcome some issues 

to be more relevant 

Concentration 

Multijunction III-V 

solar cells 

<1% 46% 

Newly introduced 

technology with good 

future prospects. Its 

large efficiency is the 

main advantage, but it 

still has to find a way 

to reduce costs. 
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4. COMPARATIVE STUDY 
 

In this chapter, the three technologies are to be compared. In order to do so, a residential 

group of buildings is going to be dimensioned. Firstly, a location study will be 

performed, followed by an explanation of the procedure. Finally, the three technologies 

are going to be simulated and the results gathered. 

4.1. LOCATION STUDY 

 

The first step is to select the location. The place selected to do the dimensioning is a 

block of buildings of a neighborhood association in Majadahonda, Madrid, Spain, as it 

appears in Figure 4.1. 

 

Fig 4.1. Buildings selected location (Majadahonda, Madrid, Spain) [39]. In the figure, the buildings 

within the orange square correspond to the Type 1 buildings. Type 2 buildings are the ones inside the blue 

square.  

 

The neighborhood consists of eight buildings, with four floors each and three 

underground garages. There is a common area in the middle with two paddle courts and 

a pool. 

The proposed photovoltaic grid-connected installation will produce energy, which will 

be used to compensate for the energy consumption in the common areas of the complex. 
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4.2. ASSUMTIONS FOR THE BLOCK OF BUILDINGS 

 

Notice that the shape of the buildings in Figure 1.1 is not completely squared, it is like a 

cross. In order to simplify the analysis, the shape of the roofs is going to be assumed as 

a rectangle shape and the facades are also going to be assumed rectangular. Since four 

of the buildings are larger than the other four, the way of referring to them during the 

whole analysis is going to be simply Type 1 for the large buildings and Type 2 for the 

small ones.  

In order to perform a fair comparison all buildings are assumed to be facing south, 

which is the most optimal orientation for the solar panels, an azimuth angle of 180° 

when in the northern hemisphere [28]. 

The roof of each of the Type 1 buildings is 17.13m x 11.33m which is equal to 194.08 

m
2
. In the case of the four building named Type 2, the roof is 15.77m x 5.57m, which is 

equal to 87.84 m
2
. Figure 4.2 shows the dimensions of each type of building roof.  

 

Fig 4.2.  a) Type 1 building roof dimensions. b) Type 2 building roof dimensions. 
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As for the facades, the buildings, no matter Type 1 or Type 2, are 4 stores buildings. 

Taking an approximate of 2.50 m high per store, each building will be 10 m high. 

Figure 4.2 represents the facades of each building type dimensions. The total south 

facing facade is the height of the buildings times the length of each type of building, as 

a result, the facade surface of Type 1 buildings is 171.3 m
2
 and 157.7 m

2
 for Type 2 

buildings. Figure 4.3 represents the dimensions of the facades of each type of building. 

 

Fig 4.3. a) Type 1 building facade dimensions. b) Type 2 building facade dimensions. 

 

Note that the total surface of the facade includes windows, so the actual facade surface 

would be slightly lower. Assuming five standard windows per store, each window 

measuring 1.2m x 1.25m, the final facade surface would be approximately 30 m
2
 less 

than the original total surface. 

Table 4.1 summarizes the constants used in the previous steps of finding the total roof 

and facade surface of Type 1 and Type 2 buildings, being L, H and W the length height 

and width of the buildings facades and roofs. 
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TABLE 4.1. 

ROOF AND FACADE DIMENSIONS AND TOTAL SURFACE FOR TYPE 1 AND TYPE 2 

BUILDINGS 

 
Roof Facade Total roof 

surface 

(m
2
) 

Total 

facade 

surface (m
2
) 

Total facade 

surface w/o 

windows (m
2
)  

Lroof n (m) Wroof n (m) Lroof n (m) Hfac n (m) 

Type 1 17.13 11.33 17.13 10 194.08 171.3 141.3 

Type 2 15.77 5.57 15.77 10 87.84 157.7 127.7 

 

The purpose of these assumptions is to make the comparison of the technologies easier 

and also to allow the comparison to be universal for any residential buildings of similar 

characteristics. 

 

4.3. ENERGY CONSUMPTION 

 

This subchapter aims to reflect the energy consumption of the common areas of the 

neighborhood to which the buildings belong. 

The main energy consumption in the common areas comes from interior and exterior 

lighting, pumping, garage doors and elevators: 

 Interior lighting: There are three lights per corridor on each floor in every 

building and 10 points of light in each of the three garages. That gives a total of 

126 points of light in the complex. The buildings are fairly new and the 

installation is based on LED lights of 40W. 

 Exterior lighting: As well as with the interior lighting, LED technology is 

already installed and there is a total of 35 points of light. 

 Pumping: There are a total of 4 pumps for water circulation to all the houses of 

an estimated power of 1.2kW each. 

 Elevators: There is one elevator per block of buildings; i.e. a total of 8 elevators 

of an estimated power of 3kW each. 

 Garage doors: A total of 5 garage doors with a motor of 350W per door. 

 

Note: The power per unit (W/unit) of the elements of consumption listed above was 

taken from the typical market characteristics of these elements. 
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In order to calculate the yearly consumption of the common areas, the time of usage of 

every element of consumption has been estimated. The exterior lighting will be on 

during 14 hours every day, which is a total of 5110 hours/year. The interior lighting, 

pumps, garage doors and elevator have to be ready to operate at any time every day of 

the year, so a maximum of 24 hours a day every day of the year, adding up to 8760 

hours/year. The data is gathered on Table 4.2 and with these estimated values, the total 

yearly consumption of every element can be calculated: 

 

TABLE 4.2. 

ENERGY CONSUMPTION OF THE COMMON AREAS CALCULATIONS  

Elements of 

consumption 

Number of 

elements 

Power per unit 

(W/unit) 

Hours of 

use 

(h/year) 

Energy 

consumption 

(kWh/year) 

% 

Exterior Lighting 35 40 5110 7154 2% 

Interior Lighting 126 40 8760 44150.4 14% 

Pumping 4 1200 8760 42048 13% 

Elevators 8 3000 8760 210240 66% 

Garage Doors 5 350 8760 15330 5% 

   

Total 

(kWh/year) 
318922 

  

The total energy consumption of the common areas of the group of buildings is 

calculated by multiplying the number of elements of each element of consumption times 

the installed power of each unit and the hours of use. Note that the elevators are the 

main energy consumers, with 66% of the overall energy consumption of the common 

areas, followed by the pumps and interior lighting with a 13% and 14% respectively. 

The final total energy consumption is 318922 kWh/year. 

This energy consumption can be approximated to 26576 kWh/month, value that will be 

used to gather conclusions in the following subchapters. 

 

4.4. SIMULATION PROCEDURE 

 

After selecting the location and estimating the energy consumption of the place, the 

three technologies described in Chapter 3 are going to be tested (i.e. Monocrystalline 
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Silicon, CIGS and Multijunction III-V). This will be done via simulation with the 

software SAM. 

SAM (System Advisor Model) is a free program from NREL (National Renewable 

Energy Laboratory) in Colorado (USA). The latest version SAM 2018.11.11 has been 

used. 

The three technologies are going to be simulated in different configurations. Table 4.3 

details the location of each technology installation, module brand and tracking device. 

 

TABLE 4.3. 

SUMMARY OF INSTALLATION DETAILS FOR EACH TECHNOLOGY 

 
Location Modules brand 

Tracking 

device 

Monocrystalline 

Silicon 
Roof LG300S1C-A5 NO  

CIGS Facade PowerFLEX 300W  NO  

Multijunction III-V 
Piece of 

land 
Arima CPV-C1 DUAL AXIS 

 

The course of action is going to be the following: 

 Firstly, Monocrystalline Silicon technology is going to be tested for Type 1 and 

Type 2 buildings.  

 

 Secondly, CIGS technology will be simulated. The aim of the simulation with 

CIGS technology is to check how much surface will be required to produce a 

similar amount of energy as a monocrystalline silicon modules installation in 

Type 1 and Type 2 buildings. The selected CIGS panels have a distinctive 

feature. They are elastic and can adhere to any surface, so in this case it is 

interesting to check how this technology would perform when placed in the 

south facing facade of a building. 

 

 Thirdly, Concentration III-V Multijunction system is going to be tested. This 

technology requires a tracking device, which enlarges the structure and makes it 

too heavy, that is why this technology cannot be tested in the roofs of the 
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buildings. Therefore, a piece of land outside the complex, but close enough to it, 

will be required. 

The objective of the simulation with this technology is to determine how many 

of the III-V Multijunction modules are required to produce a similar amount of 

energy as the Monocrystalline Silicon installation for the whole complex of 

buildings. 

 

 Finally, the simulations will be run using SAM, which will help calculating the 

energy production of each technology and the investment required, which allows 

performing an energetic and a price comparison. 

 

The procedure followed in each simulation for each of the three technologies is the 

following: 
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1. Location 
selection 

• This step is common for all technologies, as the location is 
the same (Majadahonda, Madrid , Spain) 

2. Module 
selection 

• The criteria for the selection of the modules is modules 
whose datasheet provided the most detailed information, as 
it will give the most accurate results. 

• For Monocrystalline Silicon: It is required to calculate the 
optimal tilt angle of the modules. 

• For Monocrystalline Silicon: Modules distribution 
according to the available roof surface. 

• For Multijunction III-V: A tracking system is selected. 

3. Inverter 
selection 

• The inverter selected has to be able to provide a 1.2 DC/AC 
ratio, as it minimizes the losses. 

• The inverter selected has to be able to withstand the 
maximum voltage  power point depending on the system 
technology and the installed power for each system. 

4. Energy 
losses 

• The losses will be approximated in SAM according to the 
estimations explained in Chapter 2.3.  

5. Energy 
produced 

and results 

• The energy produced per year is obtained. The energy 
produced is broken down to monthly production. 

6. System 
costs 

• The system costs are calculated by adding up the modules, 
inverter and tracking costs of each technology. 
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4.5. MONOCRYSTALLINE SILICON 

 

4.5.1. MODULE SELECTION 

 

Monocrystalline silicon technology is going to be tested in the form of flat panels. They 

would be installed in the roof of the neighborhood buildings.  

The selected panels are of the brand LG, and the model is LG300S1C-A5, which are 

panels of 300W with Monocrystalline Silicon cells. 

As it is given in the specification sheet (See Annex 1 for the complete datasheet) each 

panel consists of 60 Monocrystalline Silicon cells. The size of each panel is 1.686m x 

1.016m. The electrical and structural specifications in standard test conditions (STC), as 

they are shown in the datasheet, are shown in Table 4.4: 

 

TABLE 4.4. 

SPECIFICATIONS OF LG300S1C-A5 PV MODULE 

Model LG300S1C-A5 

Maximum Power Pmax (W) 300 

MPP voltage Vmpp (V) 31.6 

MPP current Impp (A) 9.5 

Open Circuit Voltage Voc (V) 38.9 

Short Circuit Current Isc (A) 10.07 

Module Efficiency (%) 17.5 

NOCT (ºC) 45 

Maximum Power Coefficient Pmax (%/ºC) -0.41 

Open Circuit Voltage Coefficient Voc (%/ºC) -0.30 

Short Circuit Current Coefficient Isc (%/ºC) 0.03 

Length  (m) 1.686 

Width (m) 1.016 

Cells 60 Mono-Si 

 

As explained in section 2.1, the I-V curves serves as a graphical representation of the 

module’s operation.  
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In order to draw the I-V curve of the selected modules, SAM has been used. After 

filling in all the electrical parameters of table 4.4 into the program, The I-V curve as 

shown in Figure 4.4 can be obtained. 

 

Fig 4.4. LG300S1C-A5 module I-V curve. In the curve, the electrical parameters ISC, VOC, VMP and IMP 

of Table 4.4 are shown.  

 

4.5.1.1. Optimal tilt angle calculation 

 

Given the space available in each building and the size of each panel, the inclination 

angle of the solar panels has to be defined. This type of technology when installed with 

residential purposes does not usually use a solar tracking device, so the panels are going 

to be fixed a certain angle respect to the horizontal plane all the time. 

In order to find the optimal tilt angle of the panels, a first simulation with SAM will be 

run. This simulation will be performed for just one module and the tilt angle is found by 

iterating the module’s tilt angle vs the energy obtained. 

The function “Parametrics” in SAM allows performing that iteration, which gives as 

result that the optimal tilt angle is 33 º respect to the horizontal surface.  
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If the values obtained in the iterations are plotted (Figure 4.5), it can be appreciated that 

the influence of the tilt angle on the normalized energy produced is not much, as a 13º 

difference only affects the maximum production by less than 3%. 

 

Fig 4.5. Normalized energy production vs Module’s tilt angle. In the figure, the maximum tilt angle 

corresponds to 33º, which gives the maximum energy (100%), and for tilt values like 20º and 45º the 

energy loss is < 3%. 

 

4.5.1.2. Number of modules and distribution 

 

Now that the tilt angle has been optimized, the next step is to calculate the number of 

modules that fit in one of the roofs whose dimensions have been defined previously in 

section 4.2. 

The distribution of modules in a roof is going to be given by the “Pliego de Condiciones 

Técnicas de Instalaciones Conectadas a Red” of IDAE (Instituto para la Diversificación 

y Ahorro de la Energía). This document stablishes the separation distance between 

arrays of modules. 

In order to avoid the shadowing between panels, the high of the modules (h) and the 

distance between arrays (d) needs to be calculated as they are shown in Figure 4.6. 
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Fig 4.6. Distance between modules parameters [40]. This figure defines d and h as the parameters to 

calculate the minimum distance between modules. 

 

According to the document developed by IDAE the distance between modules has to 

fulfill equation 4.1.  

𝑑 > ℎ · 𝑘 (4.1) 

 

Where the variable k is the result of equation 4.2. 

𝑘 =
1

tan (61° − 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒)
 (4.2) 

 

For the latitude of Majadahonda (40.47°), the constant k is equal to 2.67. 

 

4.5.1.2.1. Calculation of h and b 

 

By trigonometry, the values of h and b can be obtained taking into account that the 

dimensions of the module’s LG300S1C-A5 are L and W (L>W) and the tilt angle is , 

which was optimized in section 4.5.1.1. Figure 4.7 shows a tilted module where the 

values h and b are represented. 
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Fig 4.7. Representation of a tilted module for h calculation. h is the value defined by the  IDAE 

document, Lmod is the module’s length, α is the tilt angle and b is the base of the triangle formed by the 

tilted module. 

 

The value of h is equal to 0.9182 m by using equation 4.3, and b is equal to 1.413 m 

from equation 4.4: 

 

ℎ = 𝐿𝑚𝑜𝑑sin (𝛼) (4.3) 

𝑏 = 𝐿𝑚𝑜𝑑cos (𝛼) (4.4) 

 

Note: These values correspond to placing the modules in vertical, it has been checked 

that for a horizontal placement of the modules the total number of modules is reduced 

because the space is not optimized. 

 

4.5.1.2.2. Calculation of d 

 

After finding out h and k, the value of d can be calculated by means of equation 

4.1.Thus, the value of h is 2.452 m. 

By adding up the value d and b, the total distance between modules can be found, from 

the start of the first array to the start of the next one placed in parallel. This distance 
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would be 3.866 m. This value is important because it is the one that is going to limit 

how many arrays in parallel fit into each roof. 

Type 1 buildings, with Wroof 1 can fit up to 3 arrays in parallel. According to Lroof 1 the 

number of modules in series that fit into the roof is 16. Therefore, the final 

configuration for Type 1 buildings is 16x3, 3 arrays in parallel of 16 modules each. 

 Doing the same calculation for the Type 2 buildings, with Wroof 2 and Lroof 2, the 

configuration obtained is 2 arrays of 15 modules each; a 15x2 configuration.  

 

4.5.1.2.3. Number and modules distribution summary 

 

The table 4.5 summarizes all the variables and constants used in the distribution of 

modules calculations in the previous subchapters. 

 

TABLE 4.5. 

COMMON PARAMETERS AND CONFIGURATIONS FOR TYPE 1 AND TYPE 2 BUILDINGS   

Common parameters 

Latitude (º) 40.47 

h (m) 0.9182 

b (m) 1.413 

k (m) 2.67 

Lmod (m) 1.686 

α (º) 33 

Type 1 buildings 

Lroof 1 (m) 17.13 

Wroof 1 (m) 11.3 

Configuration 16 x 3 

Type 2 buildings 

Lroof 2 (m) 15.77 

Wroof 2 (m) 5.57 

Configuration 15 x 2 

 

 

4.5.2. INVERTER SELECTION 

 

Once the modules distribution has been calculated, an inverter needs to be chosen. As 

the modules configurations are different depending on whether the building is Type 1 or 

Type 2, two types of inverters have to be selected so that both installations work 
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properly. This selection is going to be based on the criteria explained in the simulation 

procedure (section 4.4). 

This criterion was: 

 Select an inverter that provides a DC/AC ratio as close as possible to 1.2 in 

order to minimize losses. 

 Select an inverter that is able to operate at the maximum power point at which 

the system will be working. 

Note: the inverters selected are central inverters for each building. 

 

4.5.2.1. Type 1 building inverter selection 

 

Type 1 buildings have a 16 x 3 module configuration, which means the maximum 

voltage across the system is going to correspond to the voltage across one string of 16 

modules.  

Consequently, the maximum voltage across one string is 505.6 V, since the maximum 

voltage of one module is defined in Table 4.4 (Vmax=31.6 V), the inverter has to be able 

to cover that peak voltage.  

In addition, the inverter needs to provide a DC/AC ratio as close to 1.2 as possible. This 

module configuration has 48 modules, which corresponds to a total DC installed 

capacity of 14410 Wdc. Thus, the inverter’s AC capacity has to be around 12008 Wac. 

With all that information, the inverter selected is a Fronius Symo 12.5-3 480. 

This inverter selected has the following features: 

TABLE 4.6. 

FRONIUS SYMO 12.5-3 480 PARAMETERS  

Fronius Symo 12.5-3 480 

Total AC capacity (Wac) 12500 

Maximum DC voltage (Vdc) 800 

Minimum MPPT voltage (Vdc) 350 

Maximum MPPT voltage (Vdc) 800 
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Therefore, being able to withstand the maximum peak voltage of the system and 

providing a DC/AC ratio of 1.15. 

 

4.5.2.2. Type 2 building inverter selection 

 

Type 2 buildings had a 15 x 2 module configuration, which means the maximum 

voltage across the system is going to correspond to the voltage across one string of 15 

modules.  

The maximum voltage across one string is 474 V, so the inverter has to be able to cover 

that peak voltage.  

Following the same criteria as in the previous section, the selected inverter is a Fronius 

Primo 7.6-1 208-240. The inverter features are the following: 

TABLE 4.7. 

FRONIUS PRIMO 7.6-1 208-240 PARAMETERS  

Fronius Primo 7.6-1 208-240 

Total AC capacity (Wac) 7600 

Maximum DC voltage (Vdc) 800 

Minimum MPPT voltage (Vdc) 100 

Maximum MPPT voltage (Vdc) 800 

 

Therefore, being able to withstand the maximum peak voltage of the system and 

providing a DC/AC ratio of 1.19. 

 

4.5.3. ENERGY LOSSES 

 

In order to simulate the system in a more realistic way, the losses are to be accounted. 

The most important losses in PV systems were defined in section 2.3. 

By using SAM, the losses can be estimated for our system. Note that the losses are 

expressed in % of the system energy production, so they are going to be the same for 

Type 1 and Type 2 buildings. 
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Losses like dirtiness cannot be simulated in SAM, so they will not be accounted in the 

simulation. 

The shadowing losses can be introduced in SAM by choosing a standard self-shading 

configuration between modules. As for the wiring losses, SAM allows to simulate the 

module mismatch, DC and AC wiring losses. 

Table 4.8 summarizes the losses percentage for the PV system with Monocrystalline 

Silicon: 

TABLE 4.8. 

MONOCRYSTALLINE SILICON SYSTEM LOSSES 

Losses 

Module Mismatch 2% 

DC wiring 2% 

AC wiring 1% 

Total 5% 

 

The losses related to the orientation and tilt of the modules have been already 

minimized choosing a south orientation (Azimuth angle=180º) and optimizing the tilt 

for this location. 

 

4.5.4. ENERGY PRODUCTION 

 

In this section, the energy production of the PV system will be simulated. Type 1 and 

Type 2 buildings will have a different energy production, as the system configuration is 

different. 

After completing all the previous steps, the modules brand, its configuration, the 

inverter selected and the losses can be loaded into SAM in order to perform a 

simulation. This simulation has as result the yearly energy produced by the system and 

the monthly energy produced. 
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4.5.4.1. Type 1 building energy production 

 

For each Type 1 buildings, the yearly energy produced is 18620 kWh. In Figure 4.8, the 

monthly energy production is shown. 

 

Fig 4.8. Monthly energy production by a Type 1 building with Monocrystalline Silicon modules 

 

As it can be observed, the maximum energy production is in July, with a value of 

around 2250 kWh, and the minimum energy production occurs in December with 

approximately 900 kWh. The energy produced in winter accounts for a 40% of the 

energy produced in summer.  

 

4.5.4.2. Type 2 building energy production 

 

For each Type 2 buildings, the yearly energy produced is 12193 kWh, and the monthly 

energy production is shown in figure 4.9. 
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Fig 4.9. Monthly energy production by a Type 2 building with Monocrystalline Silicon modules 

 

As it can be observed, the maximum energy production is in July, with a value of 

around 1450 kWh, and the minimum energy production occurs in December with 

approximately 600 kWh. The energy produced in winter accounts for a 41% of the 

energy produced summer.  

 

4.5.5. SYSTEM COSTS 

 

The system costs will be calculated as the addition of the modules’ and the inverter 

price. 

4.5.5.1. Type 1 building system costs 

 

The modules’ price of the selected brand is 216 $/module [30], as there are 48 modules, 

the total modules’ price is 10368$. 

As for the inverter, its price in the market is 2935.97 $ [41].  

The total price for each Type 1 building installation will be 13303.97$. 
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4.5.5.2. Type 2 building system costs 

 

The modules’ price of the selected brand is 216 $/module, as there are 30 modules, the 

total modules’ price is 6480$. 

As for the inverter, its price in the market is 2467.92 $ [42].  

The total price for each Type 2 building installation will be 8947.92$. 

 

4.5.6. MONOCRYSTALLINE SILICON SUMMARY 

 

In this section, a summary of the installation of Monocrystalline Silicon technology is 

shown. Table 4.9 summarizes the equipment, costs, energy produced and surface 

required of each type building for Monocrystalline Silicon technology. 

TABLE 4.9. 

TYPE 1 AND 2 BUILDINGS SUMMARY FOR MONOCRYSTALLINE SILICON 

 
Module 

configuration 
Inverter Module Cost Inverter Cost Total Cost 

Energy 

Produced 

(kWh/year) 

Surface 

required 

(m
2
) 

Type 1 16 x 3 

Fronius 

Symo 

12.5-3 

480 

216 $/Module 2935.97$ 13303.97$ 18620 194.08 

Type 2 15 x 2 

Fronius 

Primo 7.6-

1 208-240 

216 $/Module 2467.92$ 8947.92$ 12193 87.84 

 

As calculated in Chapter 4.3, the monthly energy demand is 26576 kWh/month. The 

results of the simulations show that in winter the energy produced is 40% of what is 

produced in summer. Therefore, in winter only a 22% of the monthly energy demand 

will be covered, while in summer, 55% of the monthly energy demand will be covered 

by the PV system.  

Table 4.10 summarizes the previous results for the whole complex of buildings, 4 Type 

1 and 4 Type 2 buildings, as well as the total energy covered out of the energy 

consumption of the complex calculated in section 4.3 when installing this technology. 
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TABLE 4.10. 

COMPLEX SUMMARY FOR MONOCRYSTALLINE SILICON 

 

Total 

Number 

of 

Modules 

Total 

Cost 

Energy 

Produced 

(kWh/year) 

Surface 

required 

(m2) 

Energy 

demand 

(kWh/year) 

Coverage 

Complex 312 89007.56$ 123252 1127.68 318922 39% 

 

4.6. CIGS 

4.6.1. MODULE SELECTION 

 

CIGS technology is going to be tested in the form of flexible panels. They would be 

installed in south facing facades, as explained in section 4.4.  

The selected panels are the PowerFLEX 300W from Global Solar, which are panels of 

300W with CIGS cells. 

The electrical and structural specifications in standard test conditions (STC), as they are 

shown in the datasheet (Refer to Annex 2 for the complete datasheet), are shown in 

Table 4.11: 

TABLE 4.11. 

SPECIFICATIONS OF POWERFLEX 300W MODULE 

Model PowerFLEX 300W 

Maximum Power Pmax (W) 300 

MPP voltage Vmpp (V) 93.2 

MPP current Impp (A) 3.3 

Open Circuit Voltage Voc (V) 118.5 

Short Circuit Current Isc (A) 3.8 

Module Efficiency (%) 13.8 

Operating Temperature (ºC) -40 to 85 

Maximum Power Coefficient Pmax (%/ºC) -0.36 

Maximum Power Voltage Coefficient Vmax (%/ºC) -0.31 

Open Circuit Voltage Coefficient Voc (%/ºC) -0.28 

Short Circuit Current Coefficient Isc (%/ºC) 0.01 

Length  (m) 5.411 

Width (m) 0.494 

Cells 176 CIGS 
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As explained in section 2.1, the I-V curves serves as a graphical representation of the 

module’s operation.  

In order to draw the I-V curve of the selected modules, SAM has been used. After 

filling in all the electrical parameters of table 4.11 into the program, the I-V curve can 

be obtained. 

 

 

Fig 4.10. PowerFLEX 300W module I-V curve. In the curve, the electrical parameters ISC, VOC, VMP and 

IMP of Table 4.11 are shown. 

 

 

4.6.1.1. Number of modules and distribution 

 

In order for the CIGS technology to produce a similar amount of energy as the 

Monocrystalline Silicon technology, an iteration has been run for both Type 1 and 2 

buildings. 

The purpose of the iteration was to find the amount of CIGS modules which provided 

that amount of energy.  

Finally, it has been found that a total of 170.9 m
2
 of south facing facade for Type 1 

buildings is required, while 112.1 m
2
 will be required for Type 2 buildings. 

That is the equivalent of 64 CIGS modules for Type 1 and 42 modules for Type 2. 
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4.6.2. INVERTER SELECTION 

 

As in the Monocrystalline Silicon inverter selection section, the modules configurations 

are different depending on whether the building is Type 1 or Type 2, so two types of 

inverters have to be selected, one for each type of building. This selection is going to be 

based on the criteria explained in the simulation procedure (section 4.4). 

Note: the inverters selected are central inverters for each building. 

4.6.2.1. Type 1 building inverter selection 

 

Type 1 buildings equivalent in CIGS modules was a total of 170.9 m
2
. The inverter has 

been selecting following the criteria specified in section 4.4. It has to be able to provide 

the MPPT voltage demanded and a DC/AC ratio as close to 1.2 as possible. 

With all that information, the inverter selected is a Fronius Symo 15.0-3 208. 

This inverter has the following features: 

TABLE 4.12. 

FRONIUS SYMO 15.0-3 208 PARAMETERS  

Fronius Symo 15.0-3 208 

Total AC capacity (Wac) 15000 

Maximum DC voltage (Vdc) 800 

Minimum MPPT voltage (Vdc) 325 

Maximum MPPT voltage (Vdc) 800 

 

Therefore, being able to withstand the maximum peak voltage of the system and 

providing a DC/AC ratio of 1.31. 

 

4.6.2.2. Type 2 building inverter selection 

 

Type 2 buildings equivalent in CIGS modules was a total of 112.1 m
2 

Following the same criteria as in the previous section, the selected inverter is a Fronius 

IG Plus A 10.0 240. The inverter features are shown in table 4.13: 



 
 

51 

 

TABLE 4.13. 

FRONIUS IG PLUS A 10.0 240 PARAMETERS  

Fronius IG Plus A 10.0 240 

Total AC capacity (Wac) 10000 

Maximum DC voltage (Vdc) 480 

Minimum MPPT voltage (Vdc) 100 

Maximum MPPT voltage (Vdc) 480 

 

Therefore, being able to withstand the maximum peak voltage of the system and 

providing a DC/AC ratio of 1.29. 

 

4.6.3. ENERGY LOSSES 

 

In order to simulate the system in a more realistic way, the losses are to be accounted. 

The most important losses in PV systems were defined in section 2.3. 

The losses by modules tilt are unavoidable for this technology, as the tilt angle cannot 

be optimized.  

The specific CIGS shadowing losses can be introduced in SAM by choosing a thin film 

self-shading configuration between modules. As for the wiring losses, SAM allows to 

simulate the module mismatch, DC and AC wiring losses. 

Table 4.14 summarizes the losses percentage for the PV system with CIGS: 

TABLE 4.14. 

CIGS SYSTEM LOSSES  

Losses 

Module Mismatch 2% 

DC wiring 2% 

AC wiring 1% 

Total 5% 
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4.6.4. ENERGY PRODUCTION 

 

In this section, the energy production of the PV system will be simulated. The 

equivalent for Type 1 and Type 2 buildings with CIGS will have a different energy 

production, as the system configuration is different. 

After completing all the previous steps, the modules brand, its configuration, the 

inverter selected and the losses can be loaded into SAM in order to perform a 

simulation. This simulation has as result the yearly energy produced by the system and 

the monthly energy produced. 

4.6.4.1. Type 1 building energy production 

 

For each Type 1 building the yearly energy produced is 18177 kWh. And the monthly 

energy production is shown in figure 4.11. 

 

Fig 4.11. Monthly energy production by a Type 1 building equivalent with CIGS modules 

 

As it can be observed, the maximum energy production is in September, with a value of 

around 1900 kWh, and the minimum energy production occurs in June with 

approximately 1100 kWh.  

Note that CIGS tilt angle was 90º. Monocrystalline Silicon had its tilt angle optimized 

in order to produce the maximum energy possible during the year, therefore being able 
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to capture more solar radiation during the summer solstice in June, when the days are 

longer and there is more sunlight. However, CIGS’s angle is not optimized; it is fixed to 

90º. Therefore, it will receive more solar radiation when the sun’s position is aligned 

with the equator; and this happens in the spring and autumn equinoxes (September and 

March). That is the reason the monthly energy production is larger in March and 

September instead of June.  

Figure 4.12 explains this phenomenon by showing the sun’s position during the 

equinox, June and December and it can be appreciated how the equinox sun position has 

a more favorable angle on a facade than the solstices, while for a tilted module on the 

roof, the summer solstice has a better incidence angle. 

 

Fig 4.12. Sun’s position at Solstices and Equinoxes [43] 

 

4.6.4.2. Type 2 building energy production 

 

For each Type 2 building, the yearly energy produced is 11800 kWh. Moreover, the 

monthly energy production is shown in figure 4.13. 
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Fig 4.13. Monthly energy production by a Type 2 building equivalent with CIGS modules 

 

As it can be observed, the maximum energy production is in September, with a value of 

around 1250 kWh, and the minimum energy production occurs in June with 

approximately 700 kWh. The reason of this is explained in the previous section. 

 

4.6.5. SYSTEM COSTS 

 

The system costs will be calculated as the addition of the modules’ and the inverter 

price. 

4.6.5.1. Type 1 building system costs 

 

The modules’ price of average thin film technology, the one CIGS belongs is 

approximately 0.4 $/Wdc [34], as there are 64 modules with a DC installed power of 

19684 kWdc, the price of the modules will be 7853.54$. 

As for the inverter, its price in the market is 3068.15 $ [44].  

The total price for a CIGS installation equivalent to a Type 1 building Monocrystalline 

Silicon installation will be 10921.69$. 
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4.6.5.2. Type 2 building system costs 

 

The modules’ price is the same as specified in the previous section, therefore, for a total 

of 42 modules with 12918 kWdc installed power, the total modules’ price is 5167.01$. 

As for the inverter, its price in the market is 3634.44 $ [45].  

The total price for each equivalent Type 2 building installation with CIGS will be 

8801.44$. 

4.6.6. CIGS SUMMARY 

 

In this section, a summary of the installation of CIGS technology will be shown. Table 

4.15 summarizes the equipment, costs, energy produced and surface required of each 

type building for CIGS technology. 

TABLE 4.15. 

TYPE 1 AND 2 BUILDINGS SUMMARY FOR CIGS 

 

Number 

of 

Modules 

Surface 

required 

(m2) 

Inverter 
Module 

Cost 

Inverter 

Cost 
Total Cost 

Energy 

Produced 

(kWh/year) 

Type 1 64 170.9 

Fronius 

Symo 

15.0-3 

208 

7853.54 $ 3068.15$ 10921.69$ 18177 

Type 2 42 112.1 

Fronius 

IG Plus A 

10.0 240 

5167.01 $ 3634.44$ 8801.44$ 11800 

 

As calculated in Chapter 4.3, the monthly energy demand is 26576 kWh/month. The 

results of the simulations show that during the summer solstice, just 57% of the energy 

produced during the equinoxes is produced. Therefore, in September and March a 47% 

of the monthly energy demand will be covered, while in summer, 30% of the monthly 

energy demand will be covered by the CIGS PV system.  

Note that CIGS technology requires a surface of 170.9 m
2
 in order to produce as much 

energy as a Type 1 building with Monocrystalline Silicon, and 112.1 m
2
 for a Type 2. 

Recalling the facade surface of Types 1 and 2 buildings explained in section 4.2, a Type 

1 building with a Monocrystalline Silicon roof would generate as much energy as 1.2 

Type 1 facades with CIGS’s and a Type 2 building with a Monocrystalline Silicon PV 

installation would have as equivalent 0.88 CIGS covered Type 2 facades.  



 
 

56 

 

Table 4.16 summarizes the information regarding the facades surface for CIGS 

technology. 

TABLE 4.16. 

FACADES REQUIRED FOR CIGS TECHNOLOGY 

 

CIGS Surface 

required (m2) 

Total facade surface 

w/o windows (m2) 

Facades required for 

CIGS 

Type 1 170.9 141.3 1.21 

Type 2 112.1 127.7 0.88 

 

Table 4.17 summarizes the previous results for the whole complex of buildings, as well 

as the total energy covered out of the energy consumption of the complex calculated in 

section 4.3 when installing this technology. 

TABLE 4.17. 

BUILDING COMPLEX SUMMARY FOR CIGS 

 

Total 

number of 

modules 

Total 

Cost 

Energy 

Produced 

(kWh/year) 

Total 

number of 

Facades 

Surface 

required 

(m2) 

Energy demand 

(kWh/year) 
Coverage 

Complex 424 78892.52$ 119908 

4.84~5 Type 

1 facades  

3.52~4 Type 

2 facade 

1132 318922 38% 

 

4.7. MULTIJUNCTION III-V WITH CONCENTRATOR 

 

4.7.1. MODULE SELECTION 

 

Multijunction III-V with concentrator technology is going to be tested. These panels 

have a light concentrator and they are mounted on a solar tracking device. As explained 

in section 4.4, they would be mounted in a piece of land outside the buildings complex.  

The selected panels are the Arima CPV-G1 modules, which are panels of 500W with 

triple junction (InGaP/InGaAs/Ge) 10x10 cm
2 

cells of 38.9% efficiency under X500 

concentrator [46]. 

As it is given in the specification sheet [47] each module consists of 144 cells. The size 

of each panel is 1.680m x 1.640m. The electrical and structural specifications in 
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standard test conditions (STC), as they are shown in the datasheet, are shown in Table 

4.18: 

TABLE 4.18. 

SPECIFICATIONS OF ARIMA CPV-G1 PV MODULE 

Model Arima CPV-G1 

Maximum Power Pmax (W) 300 

MPP voltage Vmpp (V) 390 

MPP current Impp (A) 1.333 

Module Efficiency (%) 27 

Concentrator (Suns) X476 

Length (m) 1.68 

Width (m) 1.64 

Cells 144 

 

4.7.1.1. Number of modules and distribution 

 

In order for the Multijunction III-V with concentrator technology to produce a similar 

amount of energy as the Monocrystalline Silicon technology installation in the complex, 

an iteration has been run. 

The purpose of the iteration was to find the amount of Multijunction III-V modules 

which provided that amount of energy. 

Arima’s modules, which appear on Figure 4.14 are supposed to be mounted on two axes 

trackers which are also provided by Arima.  

 

Fig 4.14. Arima’s CPV-G1 module [47] 
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Each tracker admits 8 modules, as Figure 4.15 shows, which is an Arima’s tracking 

device with 8 modules mounted on it.  

 

Fig 4.15. Arima’s dual axis tracker [48] 

 

With this information, the iteration had as result that 10 trackers with 8 modules each 

would provide a similar amount of energy as the monocrystalline Silicon installation. 

This amount of trackers if placed in a piece of land would be equal to approximately 

330 m
2
. 

 

4.7.2. INVERTER SELECTION 

 

As in the two previous technologies, the inverter selection will be based on the criteria 

explained in the section 4.4. 

The system of Multijunction III-V modules has a total DC capacity of 147814 kWdc.  

With all that information, the inverter selected is an AEG Protect MPV 120.01 480. 

This inverter has the following features, as table 4.19 shows: 

TABLE 4.19. 

AEG PROTECT MPV 120.01 PARAMETERS  

AEG Protect MPV 120.01 480 

Total AC capacity (Wac) 120000 

Maximum DC voltage (Vdc) 595 

Minimum MPPT voltage (Vdc) 305 

Maximum MPPT voltage (Vdc) 595 
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With these properties, the inverter fulfills the condition of withstanding the maximum 

peak voltage of the system and providing a DC/AC ratio of 1.23. 

Note that the inverter selected is a central inverter connected to each tracker. 

 

4.7.3. ENERGY LOSSES 

 

In order to simulate the system in a more realistic way, the losses are to be accounted. 

The most important losses in PV systems were defined in section 2.3. 

The losses by modules tilt an orientation are neglected in this case, as the system has a 

solar tracker. 

As for the rest of the losses of the system, a total energy loss of 5% is assumed like in 

the Monocrystalline Silicon and CIGS technologies. 

 

4.7.4. ENERGY PRODUCTION 

 

In this section, the energy production of the PV system will be simulated.  

After completing all the previous steps, the modules brand, its configuration, the 

inverter selected and the losses can be loaded into SAM in order to perform a 

simulation. This simulation has as result the yearly energy produced by the system and 

the monthly energy produced. 

 

The final yearly energy produced is 126487 kWh. And the monthly energy production 

is shown in figure 4.16. 
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Fig 4.16. Monthly energy production by the Multijunction III-V PV system 

 

The maximum energy production is in July, with a value of around 18000 kWh, and the 

minimum energy production occurs in December with approximately 4000 kWh. Thus, 

the energy produced in winter accounts for a 22% of the energy produced in summer. 

Therefore, during summer, 67% of the monthly energy demanded will be covered, 

while in winter only 15% will be covered. 

 

4.7.5. SYSTEM COSTS 

 

The system costs will be calculated as the addition of the modules’, the inverter and the 

tracking system price. 

The modules’ price of average Multijunction technology is approximately 0.9 $/Wdc 

[37], as there are 80 modules with a DC installed power of 147814 kWdc, the price of 

the modules will be 133032.6$. 

As for the inverter, its price of an inverter of similar characteristics in the market is 

around 15478 $ [49].  

The price of the tracker will depend on the provider, so an estimated cost of 

5000$/tracker has been estimated [50]. Thus, for the whole system, the trackers cost 

would go up to 50000$. 
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The total price for the Multijunction III-V system equivalent to the whole 

Monocrystalline Silicon installation will be 198510.6$. 

4.7.6. MULTIJUNCTION III-V WITH CONCENTRATOR SUMMARY 

 

In this section, a summary of the installation of Multijunction III-V technology will be 

shown. Table 4.20 summarizes the equipment, costs, energy produced and surface 

required of each type of building for this technology. 

TABLE 4.20. 

MULTIJUNCTION III-V SUMMARY  

 

Number 

of 

Modules 

Surface 

required 

(m2) 

Inverter 
Module 

Cost 

Inverter 

Cost 

Tracker 

Cost 

Total 

Cost 

Energy 

Produced 

(kWh/year) 

Energy 

demand 

(kWh/year) 

Coverage 

Multijunction 

III-V 

installation 

80 330 

AEG 

Protect 

MPV 

120.01 

480 

133032.6$ 15478$ 50000$ 198510.6$ 126487 318922 40% 

 

4.8. ANALYSIS OF RESULTS 

 

After running all the simulation for the three technologies, the comparison between the 

three of them can be studied. The comparison can be divided in three parts: the energy 

comparison, where the amount of energy produced by each technology is going to be 

analyzed; the price comparison, where the price of each technology and its installation 

can be studied; and the surface comparison, where the amount of space needed for each 

technology will be compared. 

As the comparison has been performed in a way the installations of the three 

technologies produce a similar amount of energy, thus covering approximately 40% of 

the energy demand of the complex, the cost of the installation, the space needed number 

of modules and location is brought into comparison, as table 4.21 shows: 
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TABLE 4.21. 

TECHNOLOGIES INSTALLATION SUMMARY  

 
Installation 

Cost 

Surface Required 

(m
2
) 

Installation 

Location  

Monocrystalline 

Silicon 
89007.56$  1127.68 

4 Type 1 and 4 

Type 2 roofs 

CIGS 78892.72$ 1132 
5 Type 1 and 4 

Type 2 Facades 

Multijunction III-V 198510.6$ 330 
330 m

2
 of a piece 

of land 

 

From Table 4.21, the values of installation costs and surface required can be plotted in 

order to graphically express these results. Figures 4.17 and 4.18 show the difference 

between technologies in costs and surface. If Monocrystalline Silicon technology is 

taken as reference, one can conclude that CIGS is 11% cheaper, while Multijunction III-

V is 123% more expensive. As for the surface required, taking again Monocrystalline 

silicon as reference, CIGS uses a similar amount of surface while Multijunction III-V 

requires 70% less m
2
 for the installation. 

 

 

Fig 4.17. Installation costs summary  
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Fig 4.18. Surface required summary 
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5. REGULATORY FRAME AND SOCIO-ECONOMIC 

STUDY 
 

5.1. REGULATORY FRAME 

 

Note that the objective of the project is to compare three PV technologies, by 

dimensioning of a block of buildings as a tool. Thus, the project has a theoretical 

background. 

However, if any of the proposed technologies were to be installed in a residential 

building of similar characteristics in Spain there would be several regulations to be 

taken into consideration from the point of view of the installation of the photovoltaic 

system: 

The system must follow the “REGLAMENTO ELECTROTÉCNICO PARA BAJA 

TENSIÓN E INSTRUCCIONES TÉCNICAS COMPLEMENTARIAS (ITC) BT 01 A 

BT 51” which is the aggregation of regulations that apply for low voltage facilities in 

Spain, and also the IDAE’s “Pliego de Condiciones Técnicas de Instalaciones 

Conectadas a Red” regulation which has been used in Chapter’s 4 Comparative Study. 

The regulations of ITC BT 01-51 go from how the inspections are performed, the 

distribution networks and connections, electrical protections.  

Apart from the regulations to be followed by the electrical installation, the photovoltaic 

technologies are subjected to some regulations as well. These regulations would have to 

be introduced by the PV modules provider. Some examples are [51]: 

 UNE-EN 62446-1:2017 Photovoltaic (PV) systems - Requirements for testing, 

documentation and maintenance - Part 1: Grid connected systems - 

Documentation, commissioning tests and inspection. This standard applies for 

grid-connected systems without batteries for storage. It aims to help inspection 

and maintenance operations by giving instructions on how to perform those 

inspections. 

 UNE 206007-1:2013 IN Requirements for connecting to the power system. Part 

1: Grid-connected inverters. This standard regulates the requisites the inverters 

have to fulfill in grid-connected systems 
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The different PV technologies have also certain regulations associated to them:  

 UNE-EN 61215-1-1:2016 Terrestrial photovoltaic (PV) modules - Design 

qualification and type approval - Part 1-1: Special requirements for testing of 

crystalline silicon photovoltaic (PV) modules. This standard defines the tests to 

be performed in crystalline silicon PV modules, for electrical thermal and 

structural characteristics. 

 UNE-EN 61215-1-4:2017 Terrestrial photovoltaic (PV) modules - Design 

qualification and type approval - Part 1-4: Special requirements for testing of 

thin-film Cu(In,GA)(S,Se)2 based photovoltaic (PV) modules. Here, the 

standards for homologation and design of thin film CIGS modules are stated. As 

in the previous standard regarding crystalline silicon modules, the electrical, 

thermal and structural tests are defined. 

 UNE-EN 62108:2019 Concentrator photovoltaic (CPV) modules and assemblies 

- Design qualification and type approval. Again, the homologation and design of 

concentration PV is stablished. This standard gathers the tests as in the two 

previous standards and differentiates between each type of solar concentrators 

like Fresnel, heliostat or parabolic. Finally, it proposes a method for implanting 

modifications in the system for the situations when some kind of measure is 

required. 

Regarding self-consumption regulations, in Spain, they have changed very recently. The 

Spanish government has enforced the Real Decreto 244/2019 (BOE Num. 83, 6
th

 of 

April 2019 Sec. I), which completes the previous Real Decreto-ley 15/2018. Which was 

the one that eliminated the self-consumption tax. 

The aim of Real Decreto 244/2019 is to allow both consumers and producers to take 

advantage of self-consumption with fewer restrictions, and define the economical frame 

of this practice. It focuses in renewable energy and making self-consumption free of any 

charge. 

Real Decreto 244/2019 explains the new forms of self-consumption, which 

differentiates between the cases with energy surplus and without surplus. 

In the case of self-consumption without surplus, the system has to be able not to inject 

any energy into the grid. The new part is that in the case with energy surplus it can be 

compensated.  
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Within self-consumption with energy surplus, there are two situations: compensated and 

not compensated excess. The condition to be able to be compensated is for the 

installation to have an installed power of P<100kW.  

The interesting part of this new regulation is that small installations like residential ones 

can easily benefit from the legislation by injecting the energy surplus into the grid and 

be compensated in the monthly electric bill. 

For residential installations, the way energy surplus is compensated will depend on 

whether the contract with the retailer is in the regulated market or the free energy 

market. In the regulated market, the economical compensation will be the average price 

at which the energy surplus was injected into the grid according to the real time kWh 

price in the market. For the free market, the price at which energy is compensated will 

be negotiated with the customer. 

This regulation opens a gate for PV installations in Spain that very likely will make the 

national sector of photovoltaics be more relevant in residential uses. The possibility of 

getting money back from the electric bill is a boost for small consumers that could start 

investing more in these technologies [52] [53]. 

 

5.2. SOCIO-ECONOMIC STUDY 

 

This section studies the estimated budget of the project. As in the regulatory frame 

section, it is important to remember that this project has a theoretical nature, thus, the 

economic impact of the project is going to be given by the situation where a PV 

installation of the characteristics defined in Chapter 4, for each of the photovoltaic 

technologies is carried out. 

Firstly, for the development of the project, two workers will be considered, the student 

and the project tutor. The cost of elaboration will be calculated taking the student as a 

junior engineer and the tutor as a senior engineer. The estimated salary of the tutor will 

be of 54000 €/year, while the student will be assumed 28000 €/year [54].  

The global hours worked by the student correspond to 12 ECTS, which is a total of 360 

hours, while the tutor working hours, as manager of the project is estimated as 180 

hours.  
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*Note: For the calculations, a working time of 2080 hours per year is assumed in order 

to calculate the hourly salary. 

TABLE 5.1. 

PROJECT DEVELOPMENT COST  

  Hours Annual Salary  Salary per hour  Final cost  

Student 360 h 28000 €/year 10 €/h    3600.00 €  

Tutor 180 h 54000 €/year 19.28 €/h    3470.40 €  

  
  TOTAL    7070.40 €  

 

As table 5.1 shows, the project’s development cost adds up to 7070.4 €. 

Regarding the installation of each of the technologies as studied in the simulations, 

SAM already provided economic information regarding each installation. Remember 

that the comparison was performed in a way CIGS and Multijunction technologies 

production had to produce a similar amount of energy as the installation with 

Monocrystalline Silicon modules.  

Notice that during the whole project, the costs are expressed in $, as the usual currency 

used by global providers of solar PV components is $. As this project’s location is Spain 

and the regulatory frame includes Spanish regulations, the installation costs have been 

converted from $ to €. This conversion is according to the actual equivalence between 

the two currencies (1$ = 0.88€). Table 5.2 shows the overview of the total installation 

costs of each of the technologies as simulated in Chapter 4 in €.  
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TABLE 5.2. 

INSTALLATION COSTS SUMMARY 

  
Modules Inverters 

Tracking 

systems 
Total 

  

Monocrystalline 

Silicon 

Type 1 9159.14 € 2593.65 € - € 11752.79 € 

Type 2 5724.46 € 2180.17 € - € 7904.64 € 

Complex 59534.43 € 19095.29 € - € 78629.72 € 

CIGS 

Type 1 6937.86 € 2710.42 € - € 9648.28 € 

Type 2 4564.56 € 3210.68 € - € 7775.24 € 

Complex 46009.68 € 23684.41 € - € 69694.08 € 

Multijunction III-V 117521.66 € 13673.34 € 44170.25 € 175365.26 € 
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6. CONCLUSIONS AND FUTURE WORKS 

 

6.1. CONCLUSIONS 

 

In this project, a comparative between three photovoltaic technologies has been 

performed. In order to do so, a dimensioning study on a block of buildings has been 

carried out; this study was executed with the help of the software SAM. The study 

consisted on simulating the three selected technologies, which are Monocrystalline 

Silicon, CIGS and Multijunction III-V with concentrator, in order to compare their 

performances. 

The methodology of the project consisted on, firstly, giving theoretical background on 

the solar photovoltaic field. Staring with the functioning of solar cells and followed by 

the grid-connected solar PV applications, where their most important aspects and 

elements were explained. Secondly, the three selected PV technologies were explained, 

their properties, efficiencies and current state in the market. 

Finally, a location was selected for the dimensioning and its yearly energy consumption 

was estimated. Then the three technologies were simulated. Each technology has been 

simulated in a favorable location to their characteristics: Monocrystalline Silicon was 

simulated in roofs, CIGS in facades and Multijunction III-V in a piece of land. 

The theoretical information provided about each technology has been demonstrated with 

numbers in the simulations. The three technologies have very distinctive features: 

Multijuntion III-V is a technology with outstanding energy conversion efficiency. Thus, 

it requires very little space in order to produce a large quantity of electricity; however, it 

has an installation cost of more than double than the other two technologies 

installations. 

The simulation for CIGS technology showed that the installation would require a 

similar amount of surface in facades in order to cover the same energy as 

Monocrystalline Silicon. In theory, CIGS would require more surface than 

Monocrystalline Silicon because of its low efficiency; however, the required separation 

between modules in Monocrystalline Silicon makes the installation’s surface required 

almost the same. The counterpart is that for a CIGS installation in facades to be feasible, 
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certain conditions have to be fulfilled. The most optimal conditions would be to have a 

south oriented facade (as simulated in the study) without a lot of surrounding buildings 

or elements that produce shadow in the facade during the day. These conditions are hard 

to fulfill in cities in general. That is why the surface required for CIGS would most 

likely be larger than what has been estimated. CIGS technology research is progressing 

in order to face all these challenges; for example, there are already prototypes for CIGS 

building integrated modules in facades with solar trackers, like the one proposed in the 

paper “The Adaptive Solar Facade: From concept to prototypes” [55]. 

In conclusion, the comparative study via simulations has backed up the theoretical 

differences between technologies, contributing with numerical results in the comparison 

and giving and estimated cost of installations and requirements for residential PV 

systems. 

 

6.2. FUTURE WORKS 

 

Nowadays, Crystalline Silicon technologies dominate the market in residential 

applications; however, the other two technologies could be more feasible in other 

applications. For example, in a building with medium energy consumption during the 

day, with an optimal flat facade orientation, like an office building, CIGS could be a 

good option to explore. 

A building with a large energy demand and enough space could be interesting to study 

with Multijunction III-V technology; for example a hospital, a big installation that has a 

constant high energy demand and could benefit from this installation. 

Other ways to expand the project would be to analyze the technologies in different 

configurations, for example, the energy produced by CIGS technology could be tested 

in facades that are not south oriented, or in flat roofs, and compare which configuration 

would give the better results at the lowest cost. 

Multijunction III-V technology proved to generate a lot of energy for just one 

residential group of buildings; thus, an installation with this technology trying to cover 

the energy consumption of more neighborhood associations could be simulated. Also, 

maximizing the installation in order to produce energy for a large region with this 
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technology is another alternative. The aim of it would be to study up to what point it is 

feasible to produce a large amount of energy with reduced space. 
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8. ANNEXES 
 

8.1. ANNEX A: LG300S1C-A5 PV MODULE DATASHEET 
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8.2. ANNEX B: POWERFLEX 300W MODULE DATASHEET 
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