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Abstract: 
 
Morocco is planning to become the world’s largest renewable energy source.  The scope of 

my capstone project is to study the dimensioning of a photovoltaic power plant with a power 

of 5 MW connected to the MT network 22 kV. The main objectives of the work to be carried 

out will be:  

Calculating of the positions of the panels, developing the implementation of the PV solar 

panels, elaborating the inverters installation, and finally establishing the calculation notes for 

the installation and the price of the kWh.  

The project structure will be composed of three major parts. The first part will include a 

general presentation of the project, and the demonstration of the key success factors of such a 

project. The second part will contain a presentation of the main elements of the plant, and the 

complete dimension of the plant design. Then, the third part will cover an economic 

feasibility analysis and a detailed study of the cost of the kWh. To bring this project to life, 

we used Solidworks, modeling software, to present in 3D our final assembly of the 

photovoltaic solar panels. 

Financially speaking, the total investment cost of this project is estimated to be 

40  463  500, 00  𝑀𝐴𝐷, taking into account the surface area used which is 1.095  𝑘𝑚!, and the 

price of the kWh that is estimated to 0.47 MAD. 
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Part I:  

1. Introduction: 
 

1.1  General Context: 
 
 During the last decades, countries and companies are interested and investing in solar 

energy.  This kind of energy is abundant; however, it represents a low percentage comparing 

to the current energy mix. The planet Earth can provide in only 90 minutes the needed 

sunlight that can be used during a whole year [1]. Hence, the field of the solar energy is 

growing very fast improving with it a lot of technologies.  

Solar Photovoltaic Panels also called the PV’s are the first thing that can come to people’s 

mind while talking about solar energy. This technology is famous because it is extremely 

modular, easy to install, and accessible. [2] This project will be a study of the dimensioning of 

these PV’s in Noor’s project situated in Ouarzazat. These solar panels will have a power of 

5MW and they will be connected to a network of 22kV.  

1.2  Project Objectives:  
 
 As it has been mentioned earlier, the main objective of this project is to study of the 

dimensioning of a photovoltaic solar plant with a power of 5MW that is connected to a central 

driver of 22kV. In terms of efficiency and savings, the detailed objectives of the project are 

the following: 

! Compute the position of the panels. 

! Develop a plan of the inverters used.  

! Extracting the inclination angle from the data found in ReTScrenn software.  

! Establish the calculation note for the installation. 

! Calculate the cost price of the kWh. 

! Solidworks simulation 
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1.3  STEEPLE Analysis: 
 
 
 Economic Ecological 
                   Technological Political  

 Legal 

Socio-cultural 
 
 
 
 
 
 
 
 
 

 
 
 
 

 STEEPLE analysis is a strategic decision tool used to relate the objectives of a certain 

project. It contains seven major factors that affect the improvement of a company decision-

making. Its main purpose is to identify the external socio-cultural, technological, economical, 

ecological, political, legal, and ethical factors that could influence a business.  

 

The figure bellow illustrates the STEEPLE analysis of this capstone project: 

 

 

STEEPLE 
Analysis 

Ethical	  

Technology: The use of PV solar panels. 

Socio-cultural:  Awareness about an efficient technology that provides electricity 
access in rural areas.  
New job opportunities in this field.   
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1.4  Problem statement: 
 
 Worldwide as well as Morocco, the energy sector is one of the major reasons of 

climate change. As a result, in order to guarantee the development of a more sustainable and a 

functional planet we need to transform all our energy into a cleaner one to promote a future 

power-driven by a full renewable energy [3]. Thus, investing in renewable energy is 

beneficial for the local economy since Morocco is experiencing a considerable evolution in 

electricity demand.  

Political: Photovoltaic solar panels in the alternative resources to increase the 
production of electricity for the future generations.  

Ethics: Decrease the consumption in order to preserve the environment. 

Environment: The photovoltaic solar panels do not produce any greenhouse gases, 
which will contribute to offset co2 emissions. Moreover, the climate is a favorable 
element in Ouarzazat since this area has a dry climate. Moreover, the location of the 
project is in a rural area and considered to be not polluted. 

Legal: It is not a dangerous resource, and everybody in the industrial field can use it. 
 
 
 
 
 
 
 
 
 
 

Economic: Generate energy with important cost savings and create an new job 
opportunity in order to increase the Moroccan economy. 

Figure	  1:	  STEEPLE	  Analysis	  



	   13	  

 

Besides, Morocco is extremely depending on petroleum with a percentage of 74.4, which 

means that Morocco has a low dependency on the 

renewable energy sector as stated in figure 2. Hence, the 

deployment of this energy will help Morocco to have 

diversified energy sources, which will contribute to the 

growth of the Moroccan economy and stability [4]. 

Therefore, promoting renewable energy can suggest a lot 

of paybacks for the local economy in Morocco since the 

infrastructure investments are localized and the revenue 

stays related to the regional domain [5]. 

 

The challenge of this project is to choose the right 

photovoltaic solar panels that are efficient and that corresponds to the region chose in Noor 

IV. Before doing this, this project will take into account numerous important factors such as 

the angle of inclination, the type of the inverters used, and the installation limitations.  

2. Literature Review: 

1. Energy in Morocco:  
 

 Morocco is depending on the fossil fuel energy to meet it energy needs. Thus, as 

energy prices are increasing and the climate change issues are more persisting, Morocco 

needs to develop solutions to modernize and improve its energy sector. 

Figure	  2:	  Different	  energy	  sources	  in	  Morocco 
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According to figure 3, and by 2020, the Moroccan government is willing to produce 42% (or 

6000 MW) of its energy only from renewable energy. In other words, this national goal will 

help Morocco to create and work on massive energy projects in hopes to improve in the high-

tech sectors and become a leader in the a green energy industry filed. In 2012, we can observe 

that Morocco was exploiting 68% of fossil fuel, which means that this energy is the most 

common source of energy in Morocco.  

As a result, Morocco is working on severable wide-ranging projects to exploit sustainable 

energy and produce at least 2,000 megawatts (MW) from the modern renewable energy that 

are the solar, wind, and hydroelectric power [4].  

Hence, Morocco has implemented laws and attractive legislation for renewable energy 

development. The objective of this law is to increase the share of renewable energy in 

Morocco, promote the investment for export, meet local demand, and access to regional 

markets. These policies permit the country to promote its energy efficiency, control its future 

cost of energy, and preserve the environment from CO2 and greenhouse emissions. The law 

47-09 about energy efficiency that was established at the end of 2011 is simply a confirmation 

of the ambitions that Morocco has in order to show its commitment to expand the exploitation 

Figure	  3:	  Current	  installed	  power	  capacity	  in	  2012	  and	  renewable	  power	  targets	  for	  2020	  in	  Morocco	  
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of the renewable energy by using for example low consumption light bulbs, solar water 

heaters, and energy saving equipment in order to save costs and fight the climate change [6].  

2. The Use of the Photovoltaic Solar Panels: 
 
 Renewable energy is a perfect factor for countries all around the world to meet their 

goals concerning the electricity expand in order to promote their development. Photovoltaic 

technologies also called solar cells are maneuvers that convert sunlight into electricity.  This 

technology offers significant benefits such their availability all around the word. Moreover, 

PV’s do not need any operating fluids, they are highly modular and generate electricity even 

when the sun in not really appearing [7].  

The photovoltaic solar panels are eco-friendly because they do not need any fuel to burn, so 

automatically they are not producing greenhouse gas emissions or toxic air.  

The solar cells are made of semiconductors that have a principle function, which is absorbing 

the light reflected on them, and according to a process, transforming it into energy.   

Consequently, the amount of the electric energy produced is simply related to the intensity of 

the sunlight and the angle of the light that is concentrated on the unit area as presented in 

figure 4. 

 

Figure 3: Photovoltaic solar panels composition 
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3. Types of Photovoltaic Solar Panels: 
 
 As we previously said, solar panels convert solar energy (sun) into electricity that we 

basically use in our homes, streets, and industries.  

They are four major types of solar panels that are as follow:  

Mono-crystalline solar cells 

This solar cell is made of thin layers of silicon that are cut from a cylindrical crystal. This 

type is the most expensive one; still it is the most efficient photovoltaic technology. It is 

converting about 15-24% of the sunlight into electricity [8]. 

Polycrystalline solar cells 

This type is also known as multi-crystalline cells. It is made from silicon cells that are cut 

from a bar of melted and recrystallized silicon. These bars are then cut in very thin layers and 

collected into a complete cell. This type is cheaper to produce than the first one, and they are 

less efficient due to the manufacturing process. Their efficiency is around 12% [9]. 

Amorphous solar cells 

This type is also called ‘Thin film’. They are the cheapest type of solar cells. They produced 

differently than the mono and polycrystalline. In this case, silicon is deposited in a thin 

substrate. Their efficiency is around 6% meaning that this type is requiring double panel area 

to produce the same energy [10]. 

Hybrid solar Cells 

This is not a type of photovoltaic solar cells. However, it is a combination of both mono-

crystalline and amorphous solar cells in order to produce maximum efficiency. They are 

known as the “Hetero-junction with Intrinsic thin layer”. This type has a higher efficiency 

compared to the 2 types above. Moreover, it is appropriate for the zones where temperature 

exceeds 27°C [11]. 
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Figure 4: PV solar cells types 

 
 
 

4. PV Operational System: 

 
 In general, photovoltaic cells convert the sunlight’s energy into electricity. Silicon is 

the main component of the photovoltaic solar panels and it is also known to be a semi-

conductor meaning that it has some specifications and properties of both metals and 

insulators. 

As we already know, the sunlight is composed of tiny particles called photons; these particles 

hit the silicon in order to transfer their energy. Thus, this energy transfer results to loose 

electrons. So, here comes the half of the work of the solar cells that is freeing up the electrons. 

The other part of the work is to orientate their electrons into an electric current. To do that, the 

creation of an electrical disproportion within the solar cell is involved. This electrical 

disproportion will create a slope in which the electrons will move in a streamline following 

the same direction [12].  

The internal composition of the silicon makes the creation of this electrical disproportion 

possible. Silicon atoms naturally have a tightly bounded structure. So, two types of silicon are 
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created: the n-type that has square electrons, and p-type that is missing electrons and in their 

missing places has holes instead.  

Later, when these two types of silicon are places in the solar cell side to side, the n-type 

silicon jumps to fill the holes that the p-type is leaving. Consequently, the silicon n-type 

becomes positively charged, and the p-type negatively charged. This operation creates an 

electric field across the cell [Figure 6 and 7].  

Other components of the solar cell convert these electrons into power such as the metal on the 

sides of the photovoltaic panel that collects electrons and transfer them to the wires.  

Another important aspect about the solar photovoltaic panels is the angle of inclination also 

known as the Tilt angle. This angle can be fixed or adjustable according the area’s weather 

conditions and other factors.  

 

 

 

 

 

 

Figure	  6:	  Photovoltaic	  Cell 
Figure	  7:	  How	  a	  Photovoltaic	  Cell	  works	  
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5. Inverters:  
 
 Inverters are very crucial within any solar energy system. They are considered to be 

the brain of any project whether it is a power plant or a residential system.  

The electricity produced by the solar panels is a direct current output (DC) that is inverted and 

reversed to an alternative one (AC) [13]. Thus, the photovoltaic panels are connected to 

different types of inverters in order to overturn the DC current to AC allowing the electricity 

use back to the grid or in our homes.  

In addition, other than inverting DC to AC, inverters have other services and capabilities such 

as data monitoring, engineering system design, and advanced utility controls in order to 

operate and attain an optimal performance level [14].   

Inverters technologies have improved meaningfully; accordingly, inverter manufacturers 

provide services such as the post installation in order to maintain a high energy level 

performance. So, any solar energy project includes preventive maintenance, quick mean time 

of repair, and O&M services [15]. Thus, inverter’s manufacturer are continually challenging 

themselves to provide a higher value inverter at a lower cost in order to downgrade the cost 

curve of this product.  

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure	  8:	  Solar	  Inverter	  
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These components are significantly taking part in the decision-making and the control tasks in 

order to improve the grid efficiency and its stability. Here are some types of inverters: 

String inverters 

In general, the installation of the solar panels is made following rows, each on a string. In 

other words, if we have for example 25 panels, we will install them in 5 rows and each row 

will contain 5 panels. Thus, we can have multiple sting inverters that can be connected to one 

string inverter [16]. So, each string transfers the DC power that is produced by the solar panel 

and transforms it into electricity that it will be consumed afterwards. String inverters are 

suitable for the installations without shading issues. Meaning, the solar panels are not facing 

different directions and are positioned in a single plane.   

String inverters are generally used in commercial and residential areas. This technology now 

can allow the user have small sizes string inverters with greater power density [17]. Knowing 

this, they are becoming popular and are considered to be the first choice when talking about 

the small installations that doesn’t exceed 1MW.  

Nowadays, when we talk about string inverters the term power optimizer is popping up. This 

technology is able to moderate the effects of shading that string inverters cannot. As a result, 

some manufacturers are now integrating power optimizers in the installation of the solar 

panels in order to make it easier. The combination of the string inverters and the power 

optimizers is called the SMART MODULE [18].  

Central inverters 

The central inverters are considered to have the same characteristics of the string inverters 

except that they are much larger and can support more strings in the installation of the panels.   

In this case, the strings are not connected directly to the inverters using a module. Instead, 

they are associated to a combiner box that takes the DC power to the central inverters where 

in its turn is converted to AC power [19]. These kinds of inverters are used in large 
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installations with an important production.  

Micro-inverters 

Micro-inverters are also known to be a good option for commercial and residential 

installations. They are compared to the power optimizers since micro-inverters are can be also 

installed on each single panel. Yet, unlike the optimizers, micro-inverters do the conversion of 

the DC power to the AC power in the level of the solar panel. In other words, they do not 

need a string inverter [20]. As a result, since the conversion is made in the level of the panel, 

if a single panel performance deteriorates, it will not affect the others and no risk will be 

mentioned. The micro-inverters are good for installations that panels faxing multiple 

directions with shading issues. They are know to be efficient, however, concerning the cost, 

they are more expensive than the string inverters. 

 
Battery-based inverters/chargers 

 Battery based inverters necessitate a battery to operate. Depending on their UL design and 

rating, the battery-based inverters can be standalone grid-tied, grid-interactive, or off-grid 

[21]. The principal function of this inverter is to insure continuous operation in case a critical 

load or a shortcut. The grid-interactive inverter needs to be connected to the grid-tied 

generator in order to break generating power out of the grid. This is known as an anti-

islanding, which is nothing, but generating power in order to power another location. The 

standalone grid-tied, however, is not generating power from the grid outage. It will instead 

wait for the availability of the power charged [22]. In all cases, the battery based inverters run 

energy that is between the array and the grid in a way to fill the battery that is installed in the 

inverters. Moreover, these batteries are maneuvered in a way that they are fully charged and 

in a good status.   
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6. Solar PV installations: 
 
 

First, we need to know the four types of solar power stations. They are as follow: 

" Stand alone or off grid type solar power plant. 

" Grid Tie solar power plant.  

" Grid Tie with power backup solar power plant. 

" Grid fallback solar power plant. 

The stand-alone installation is the most common used since it is providing electricity in 

absence of any source of electric power at a specific location as illustrated in figure 9. 

Meaning, this off grid solar power station does not need any type of connection (direct or 

indirect) with any other grid network. It generates electric energy to charge a storage battery 

and automatically this battery provides electricity the area concerned. In general, this system 

is small with less that 1kW capacity [22].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure	  9:	  Stand	  Alone	  Solar	  Power	  Station 
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The common population especially in Europe and the United State now use the grid tie 

solar station. In this case, the customer can produce its own electricity and sell the surplus to 

the electricity utility company that is connected to the grid of their plant [23]. Thus, as the 

customers are selling power they can return their investment of the installation of the power 

plant. The foremost disadvantage of this installation that the solar modules have to be 

disconnected if there is any power cut in the grid. Moreover, this system is only profitable in 

sunny days; this is the only period when it works efficiently.  They are two types of grid tie 

solar systems: one with a single (macro) inverter and the other one with multiples (micro) 

inverters. As already mentioned and according to figure 10, the inverters has as a principal 

role converting the DC current of the solar panel to an AC current to the level of the grid.  

 

Figure 10: Grid Tie Solar Station 

Then comes the grid tie with a power backup. This station is a combination of the grid tie 

solar power adding to it a storage battery. The main purpose of adding this battery is in case 

of a power cut happening, the solar modules will not disconnect from the system.  
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Last but not least, the grid fallback solar power is the most stable power system. It is used to 

produce electricity to small households [24]. In this case, a battery bank is charged fro the 

solar modules and used to distribute electricity to the whole house. Once the battery is 

discharged, the system switches automatically to the main power grid supply.  

 

7. Noor IV Project: 
 
 Noor 4 is the last phase up to date in the Noor projects in Ouarzazat. This part will be 

mainly photovoltaic. These four Noor units will help Ouarzazat to be the largest multi-

technology solar production site worldwide with a capacity of 580 MW [25].  

This capstone will be a small part of this project; we will be implementing 5 MW 

photovoltaic solar panels that are linked to an MT network of 22 kV.  

 
 

	  

Figure	  11:	  Noor	  Ouarzazat	  
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Part II: Dimensioning of a 5 MW driver section of a photovoltaic 
power plant connected to an MT network in Ouarzazat 

5.1 Study Objectives: 
 
 The objective of this part of the capstone project is to dimension a photovoltaic power 

plant with a power of 5MW. 

The work carried out deals with the following: 

" Sizing the key components of the plant. 

" Find the number of the panels needed and their inclination angle. 

" Find the appropriate inverters. 

" Adapt the appropriate wiring system. 

" Find the surface area where the panels will be implemented.  

 

5.2 Choice of the panels: 
 
 The choice of the solar panels and the types of the modules to be installed will be 

based on a number of criteria. Thus, the silicon-based modules are the most used in a 

photovoltaic system. As we said earlier, the photovoltaic solar panels are divided into three 

major types: Mono-crystalline, polycrystalline, and amorphous. 

In our project, we will use the polycrystalline since they are efficient, and it is the dominant 

technology in the solar panels market.  

After consulting a set of solar panels manufacturers, we chose poly-crystalline modules from 

JINKOSOLAR manufacturer with the following characteristics: 

Module 
type 

Nominal 
power 

Rated 
current 

Voltage 
nominal 

Short-current 
circuit 

Open Circuit 
Voltage 

JKM330PP 330WC 8.74 A 37.8 V 9.14 A 46.9 V 

Tableau	  1:	  Photovoltaic	  Solar	  Panel	  characteristics	   
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As a result, we can notice that one solar panel “JINKOSOLAR” has a power of 330W.  

So:                !!"
!!"  !

= !×!"!

!!"
= 15151.51 = 𝟏𝟓𝟏𝟓𝟐  Solar panels. 

 
After consulting the characteristics and the catalogue of JINKOSOLAR, we chose to install 

the solar cell of the following features:  

" JKM330PP-72-310-330 Watt. 

" Positive tolerance of 0/+3%. 

" Certified ISO 9001:2008,ISO 14001:2004, OHSAS 18001, IEC 61215, IEC 1730. 

 

Polycrystalline Photovoltaic Solar Panel: 

Linear Performance Guarantee: 
  

Figure	  12:	  The	  serial	  number	  of	  the	  photovoltaic	  solar	  panel 

Figure	  13:	  The	  performance	  of	  the	  photovoltaic	  solar	  panel	   
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Figure	  14:	  The	  prototype	  of	  the	  photovoltaic	  solar	  panel 
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5.3 Inclination angle of the solar panels: 

 
 The best way to produce high power energy from the solar panels is to point them in 

the right direction toward the sun. Thus, the inclination angle and the inclined surface increase 

the productivity and allow an optimized use of sun radiation [26].  

Finding an optimal inclination for the solar panel regarding the horizontal plane make the 

sunlight reflection and the lightning more significant.  

A precise orientation of the solar panels is primordial to make the maximum use of the solar 

radiations. Hence, this inclination depends on two important parameters that are: angle of 

inclination and azimuth angle of the solar generator. 

The solar Azimuth angle is nothing but the angle of the direction of the sun. As a result, a 

wrong Azimuth angle can reduce the output of the photovoltaic solar panels up to 35% [27]. 

 

Using ReTScreen, which is a Clean Energy Management Software system that constructs the 

project’s feasibility analysis. We can locate the region that we want to study in order to 

retrieve the temperatures needed in order to find the angle of inclination. It is also a good tool 

for energy efficiency and performance analysis [28].  

Several experts from, industry, government, and academia develop ReTScreen. It is used all 

over the world the evaluate energy costs, savings, financial risks for different types of clean 

energy technologies.  

Thus according to RetScreen forecasting for Ouarzazat wheatear we got the location, the daily 

solar ration per year, and the value of latitude, the elevation…: 
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Figure	  29:	  Location	  of	  Ouazazat	  in	  the	  map 

Figure	  30:	  Daily	  Solar	  radiation	  per	  year 

Figure	  31:	  Latitude,	  elevation,	  and	  other	  parameters 
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The radiation of the sun is at its maximum at noon, so the solar panel has to be oriented 

towards the sun in a way that the radiations falling toward the photovoltaic panel must be 

perpendicular to the surface.  

The inclination at noon is given by: 

𝛽 = 𝑳− 𝜹 

Knowing that the mean value of δ is equal to 0,we have:  

𝜷 = 𝑳 

At sun noon, the sun is exactly on the meridian altitude, which contains north-south line. 

Consequently, the solar Azimuth angle is 0 °. 

So, the photovoltaic generator receives the maximum of the solar radiation if the angle of 

inclination 𝛽 is approximately the same as the latitude L (Angle between 0 to 90° in the north 

or south of the equator). 

 

 

 

 

 

 

 

The figure 16 shows the optimum tilt of solar panels by month in Ouarzazat and the angle of 

inclination that we should consider.  

Figure	  15:	  Inclination	  of	  
photovoltaic	  generator	  at	  angle	  

beta	  
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Hence, following the season change, the angle of inclination of the solar panels should be 

modified according to the sun intensity to maintain the solar panels efficiency. However, in 

Ouarzazat they are using 𝜷 = 𝟑𝟒° as a predefined angle of inclination of the solar panels. 

5.4 Inverter: 
 

4.1  Choice of Inverter: 
 
 Referring to the French regulations, for an installed power of less than 18 kVA, it is 

obligatory to inject the electrical energy in the single-phase electric power BT network. Thus, 

if we go beyond this value, a three-phase injection with a combination of three single-phase 

inverters or a three-phase inverter is used [29]. Moreover, the choice of the inverter will 

impose the way the wiring of the PV’s will be done. 

 

 

Figure	  16:	  Inclination	  angle 
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They are 3 types of networks: 

" MT 20 kV 

" HT 60 kV 

" BT 220 V- 400 V 

In this case, we will inject our inverted solar power in an MT network. 

Since the power of the solar plant is very important, it is preferable to avoid a central inverter. 

Instead, we can choose the inverters by subdividing the power of 5 MW into average power 

plants of a power of 500 kW. This means that there will be 10 identical installations of 500 

kW in the whole power plant. 

For our installation we have opted for a PVS800-57-0500KW-A inverter manufactured by 

ABB, which has the following characteristics: 

 
	  

Inverter type Max DC power Voltage Rating 
MPP 

Maximum DC 
voltage 

Max DC 
current 

PVS800-57-
0500KW-A 

600 kW 450 to 825 V 1100 V 1145 A 

Tableau	  2:	  The	  inverter	  characteristics 

 

The choice and number of inverters is based on three criteria: 

" Voltage Compatibility 

" Current Compatibility 

" Power Compatibility 

4.2   Voltage Compatibility: 
 
 A maximum permissible input voltage Umax characterizes an inverter. If the voltage 

delivered by the modules is greater than Umax, the inverter will be irretrievably and 

automatically destroyed. In fact, exceeding the permissible input voltage value Umax will 

cause the permanent damage of the inverter.  
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Additionally, from the time when the voltage of the photovoltaic modules is added when 

connected in series, the value of Umax will therefore determine the maximum number of 

modules in series. This will of course depend on the voltage delivered by the photovoltaic 

modules. 

The maximum and minimum number of photovoltaic modules in series is given by the 

following formulas: 

 

𝑁!"#$ = 𝐸(!!""#!$%    
!!""×!

)                  and                             𝑁𝑠𝑚𝑖𝑛 = 𝐸  ( 𝑈𝑀𝑃𝑃𝑇𝑀𝐼𝑁𝑈𝑀𝑃𝑃×0.85
) 

Where: 

𝑁!"#$: Maximum number of solar panels in series. 

𝑈!""#!$%    and  𝑈!""#!$%: MPPT(Maximum power point tracking) voltage range. 

𝑈!"": Maximum voltage of the photovoltaic modules. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure16:	  	  MPPT	  tracking 
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The values of 𝑈!""#!$%, 𝑈!""#!$%, and  𝑈!"" are taken from the figure 16. In other 

words, we used a tracker to generate the best load in order to get the most suitable power out.  

In general the power P is given as follow: 𝑃 = 𝑉×𝐼, so the MPPT algorithm adjust the K ratio 

so as the microcontrollers can implement the suitable algorithm to get a good forecasting [30].  

The coefficient K is the safety coefficient imposed by the UTE guide C15-712, which takes 

into consideration the increase in the voltage delivered by the solar panels when the 

temperature of the modules decreases. As a result, the coefficient K is:  K= 0.85 

Using the appendix A, we can check the values of 𝑈!""#!$% ,𝑈!""#!$% , and, 𝑈!"" . 

We obtain  𝐍𝐬𝐦𝐚𝐱 = 18    and           𝑵𝒔𝒎𝒊𝒏  = 14. 

Then, comes the verification of the voltage compatibility:  

𝑁!"#$×𝑈!"×1.15   < 𝑈𝑚𝑎𝑥 

 

Thus, for the stability condition to be satisfied, we choose Ns = 18. 

In other words, the numbers of solar panels to be installed in series is 18.  

4.3  Current compatibility: 
 
 An inverter is characterized by a maximal admissible current in his input called Imax. . 

This limit input current corresponds to the maximum current that can be borne by the DC side 

inverter. Therefore, we should take into consideration that the current supplied by the solar 

panels should not exceed the value of the maximal permissible current Imax of the inverter 

[31]. Besides, since the current is added when the solar panels are in parallel, the value of 

Imax will determine the maximum number of photovoltaic solar panel chain in parallel. This, 

of course, will depend on the current delivered by the photovoltaic system. 
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The maximum number of solar panels that should be installed in parallel is calculated by the 

following formula: 

𝑵𝒑𝒎𝒂𝒙 = 𝑬(𝑰𝒎𝒂𝒙/(𝑰𝑴𝑷𝑷×𝟏.𝟐𝟓))  

Where: 

Imax: The maximal current allowed by the inverter. 

I!"": The maximal current allowed in of the solar panels. 

 

After computing, we found that:                 𝑵𝒑𝒎𝒂𝒙=104 

So, at a first stage we can say that we will install 18 inverter in series and 104 in parallel. 

However, we should check the power with the values that we got and see if it is close to 

500kW.  

𝑷 = 𝟏𝟎𝟒  ×𝟏𝟖×𝟑𝟑𝟎 = 𝟔𝟏𝟕𝟕𝟔𝟎  𝑾~𝟔𝟐𝟎𝒌𝑾. 

Therefore,  

𝟔𝟐𝟎𝒌𝑾 > 𝟓𝟎𝟎  𝒌𝑾 

 

As a result, we will decrease the value of 𝑵𝒑𝒎𝒂𝒙 in order to have an approximate power 

value close to 500kW. 

Thus: 

𝑷 = 𝟖𝟒  ×𝟏𝟖×𝟑𝟑𝟎 = 𝟒𝟗𝟖𝟔𝟎  𝑾~𝟒𝟗𝟗𝒌𝑾~𝟓𝟎𝟎𝒌𝑾. 

So, in our case:           𝑵𝒑𝒎𝒂𝒙=84. 

Verification of the current compatibility: 

𝐼 = 𝑁!×𝐼𝑠𝑐×1.25 < 𝐼𝑚𝑎𝑥  (𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟) 

For  N!"#$= 84 the current compatibility is verified. 

Therefore, we take                   𝑵𝒑𝒎𝒂𝒙=84 
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4.4  Power Compatibility: 
 
 An inverter is characterized by a maximal admissible input power. When the input 

power of the inverter on the DC side is greater than the maximal power permitted by the 

inverter, the inverter continues to operate but provides maximum power to the grid [32].  

The value of the maximum input power of the inverter will limit the quantity of modules of 

the photovoltaic group connected to the inverter. It must be ensured that the power of the 

photovoltaic unit does not exceed the maximum permissible power. The power delivered by 

the photovoltaic group varies as a function of the luminosity and the temperature. For the 

design calculation, a power equal to the sum of the peak powers of all the modules of the 

photovoltaic group can be considered. It must therefore be ensured that this calculated power 

is lower than the maximum power permitted by the inverter.  

 

In our case, the power of the photovoltaic plant: 

 

𝑷 = 𝟖𝟒  ×𝟏𝟖×𝟑𝟑𝟎 = 𝟒𝟗𝟖𝟔𝟎  𝑾~𝟒𝟗𝟗𝒌𝑾~𝟓𝟎𝟎𝒌𝑾 

 

This power is lower than that of the inverter, so the compatibility is checked. 

As a result, we will install 18 solar panels in series and 84 in parallel with a power of 500kW. 

Meaning that we will have 10 similar installations to general a power of 5MW. 

5.5 Protection and insulation of the PV system:  
 

1) Protection of the DC part: 
 
 The direct current part of a photovoltaic solar system involves a generator that is 

formed by the strings of the solar panels that are connected in series. If the voltage of the 

installation is higher that 600V, it is advisable to put a careful protection and insulation 

system that capable of overwhelm direct fault currents in a precise time [33].  
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According to the Standard IEC 64-8 (article 712), overcurrent protection is provided when the 

capacity of the cable is inferior the 1.25 times the computed fault current at any point. In other 

words, if several inverters have been installed in the system, it is preferable to install switch-

dis-connector that have to be of class DC21 at least. Besides, according to the guide 82-25, it 

is prudent to install an isolating system on each string in order to avoid having a shutdown in 

the other parts of the whole installation. Thus, all the junction boxes must tolerate a visible 

and permanent making indicating that the active parts of the installation are energized even 

after sectioning one of the inverters.  

2) String protection against reverse currents: 

Fuses: 

Fuses are considered as string protections that are commonly used by the designers of the 

photovoltaic solar panels. These fuses play the role of the diodes since they disconnect the 

circuit when an error or a dis-functioning occurs.  Though, this tool is simple to use and have 

to be installed in a fuse dis-connector in order to dissipate power even in the worse operating 

circumstances [34]. 

Circuit breakers: 

The use of thermo-magnetic circuit breakers is for the protection of the photovoltaic strings. 

They are used to able the functioning of high direct current voltage. Besides, they are still 

considered to be a good solution for protecting the strings even if they are not a good idea 

economically speaking [34].  

 

Isolating devices: 

An isolating device can be installed to allow the disconnection of the energy if any dis-

functioning occurs. So, in order to inspect and maintain the solar installation in safe 

conditions, it is advisable to install isolating devices in every single string [34].  
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Surge arrester: 

A surge arrester is a device used in an installation to protect the other equipment form an 

over-voltage that can be caused by external factors such as lightning or switching events [34].  

3) Protection against overcurrent: 

The cables of the photovoltaic installation are dimensioned so that they can help the 

protective devices against overloads and short circuits. As we mentioned earlier, the 

permissible current of the cable must me equivalent or greater 1.25 times the 𝐼!"!"#    (“Short-

circuit current of a module under standard test conditions”) of the photovoltaic chain. [35] 

The photovoltaic solar panels must be protected against the effects of the reverse currents, 

which may occur if a single panel is disconnected of defected. The protection and the 

permissible currents of the panels that are carrying a maximum reverse current called 𝐼!"#is 

given in the table below: 

 

  

Figure	  5:	  Switchboard	  for	  8	  strings	  and	  their	  switch	  dis-‐connectors 
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Tableau	  3:	  Number	  of	  parallel	  chains	  and	  their	  relative	  currents	  

 

In the case of our power plant installation, the number of solar panels that are in parallel are 

𝑁! = 84; as a result, the reverse current that is likely to occur in our installation is: 

𝐼𝑠𝑐𝑟 = Nc− 1 ×1.25×Isc = 84− 1 ×1.25×9.14 = 948.27𝐴 

Where:  Isc = 9.14  A according to the table 3. 

The best solution to protect our chain installation against reverse currents is to install fuses 

with suitable norms. 

For the calibration of the fuse, the value of the maximum reverse current of the photovoltaic 

module must be taken into account. In other words, it is the value that the solar panel can 

temporarily withstand until the selected protective fuse interrupts after a failure. 

The calibration of the fuse corresponds to the following relationship: 

𝐼! ≤ 𝐼! ≤ 𝐼!" 

Where: 

𝐼!   : Short-circuit current of photovoltaic modules in STC conditions. 

𝐼!"   : Maximum reverse current of the photovoltaic module. 

𝐼! = 𝑘×𝐼!", With k must be at least 1.25. 

 

In our case: 

𝐼! = 1.25×9.14 = 11.42  𝐴 

 

Nc: number of parallel chains 
 

Reverse current likely to occur in a chain 

Nc=1 0 
Nc=2 1.25×Isc 
Nc=3 2×1.25×Isc 
Nc>4 (Nc-1)×1.25×Isc 
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According to the data sheet of the module used, 𝐼!" = 15  𝐴 

Thus: 

11.42 ≤ 𝐼! ≤ 15 

Accordingly, it is necessary to place 84 fuses, which will be grouped in a box for the 

installation of 500 kW power. 

In other words, for the whole installation, we will need 840 fuses (5MW). 

After consulting the ABB manufacturer guide we opted for the fuse 9F15PV for our DC part 

showed in the figure 17: 

 

Figure 17: Fuse ABB Guide 

4) Protection against overvoltage: 
 
 
Overvoltage exists in several ways in a photovoltaic plant. It can be: 

" Transmitted by the distribution network and of atmospheric origin (lightning) and / or 

due to maneuvers. 

" Generated by lightning strikes near buildings and PV installations, or on lightning 

conductors in buildings. This is the case in all installations. 

" Generated by variations in the electric field due to lightning. 
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Hence, to protect our installation from overvoltage, we should install surge arresters that have 

to be conform to the norms NFEN 61643-11 (C 61-740) and must obey the requirements of 

UTE-C 15-443 guide.  

The installation conditions of the surge arresters are based on the following three parameters: 

" Lightning Density. 

" Cable Length. 

" Use of support on which the modules are fixed.  

 

The table 4 shows the characteristics of different types of installations that will help us choose 

the suitable surge arresters that are conform to the guide NF C 15-100 and the risk assessment 

method of UTE C 15-443. 

 

First we need to compute the Keraunic level symbolized as 𝑁!, which is the day number of 

the storms per year in a certain territory. This level is taken from the lighting density (Ng) that 

indicates the level of lightening per 𝐾𝑚! in a given place (in our case Ouarzazat)[36]. 

The following relation gives the Keraunic level: 

𝑁! = 10×𝑁! 

Tableau	  4:	  characteristics	  of	  a	  suitable	  surge	  arrester 
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Where: 

𝑁!   : Keraunic local level  

𝑁!  : Lightning Density 

For Ouarzazat:  

𝑁! = 10×4.72 = 47.2   > 25 

Where the density level is 𝑁!= 4.72. 

The Ouarzazat site is equipped with a lightening conductor; as a result a type 2 surge arresters 

is mandatory for our installation according to the table 4. 

Choice of surge arrester: 
 

" Nominal current 𝑰𝒏 
 
 To better choose our surge arrester, we need to compute the nominal current 𝐼! of the 

discharge. The minimum nominal current discharge for a surge arrester is 5kA, in other 

words, 𝐼𝑛!"# = 5𝑘𝐴.  

 As a result, the higher the value will be gives a longer life for the surge arresters. 

Hence, estimating the level of exposure to FPV overvoltage can optimize the dimensioning 

the type 2 surge arresters, as follow: 

Where: FPV is “Foudre photovoltaique.” 

FPV = N!(1+ ϕ+ δ) 

Where:  

𝑁!   : Keraunic local level 

ϕ: Is given by the table bellow  

δ : Obtained from the table bellow by separately analyzing the situation of the overhead line, 

the building or the PV module field.  

So the values of ϕand δ are as follow, following the international guide UTE C 15-443. 



	   43	  

 

 

	  

 Obligatory Recommended  Not very useful 

ϕ 2 1 0 

Tableau	  5:	  choice	  of	  ϕ 

	  

BT installation  Completely 
surrounded by 
structures 

Some nearby or 
unknown 
structures 

Flat or open 
land 

Presence of 
water surface, 
mountainous 
site 

δ 0 0.5 0.75 1 

Tableau	  6:	  choice	  of	  δ	  

Hence, 

𝐹𝑃𝑉 = 47.2× 1 + 0.75 + 2 = 177 

Our goal is to compute the nominal current 𝐼! taking into account the FPV.  

The table below determines the nominal current value as a function of FPV: 

Estimation of FPV risks 𝐼𝑛 (KA) 

FPV ≤ 40 5 

40 < FPV ≤ 80 10 

FPV > 80 20 

 

Therefore the nominal discharge current of the surge arrester is: In = 20KA 

" Maximal voltage 𝑈!"#: 

After computing the nominal current, we should determine the maximum steady-stage voltage 

𝑈!"#of our surge arrester. 
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The 𝑈!"# of the surge arrester has to be determined as a function of the maximum no-load 

voltage of the PV modules. 

The constructors of the photovoltaic solar panels always give a voltage 𝑈!"#$%of the modules 

in their characteristics to generate the tension 𝑈!"#of the surge arresters. Moreover, the 

voltage 𝑈!!"of the surge arrester arresters must be greater than or equal to 1,2 x𝑈!"#$%of the 

PV generator. 

Since we have 18 installations in series in every 500 kW, we obtain: 

 

𝑈𝑐𝑝𝑣 ≥ 1.2×18×46.9 = 1013.04𝑉 

" Determination of level of protection 𝑈!of the surge arrester: 
 
The value of the voltage 𝑈! must be less than 80% of the value of the shock resistance 

voltage 𝑈!of the materials to be protected. To determine the voltage  𝑈!, we use the following 

table: 

 

Uco max (V) Uw (KV) 

100 1.5 

150 2.5 

300 4 

400 - 

600 6 

800 - 

1000 8 

Tableau	  7:	  Voltage	  around	  the	  photovoltaic	  panels	  and	  the	  shock	  resistance	  voltage 
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Then,  

Up<0.8×Uw=6.4 KV 

With 𝑈! = 8𝐾𝑉 

 

Therefore, the surge arrester that will be installed for the power station must meet the three 

characteristics defined previously. 

𝑈𝑐𝑝𝑣 ≥ 1.2×18×46.9 = 1013.04𝑉  

Up<0.8×Uw=6.4 KV 

 In = 20KA 

 

5) Cutting and breaking devices: 

 In order to guarantee safety during subsequent maintenance operations and in 

accordance with the UTE C15-712-2 guide for the switching and disconnection devices, we 

install switch-disconnections in the 2 junction boxes as well as in the electrical box. These 

switch-disconnections will be calibrated: 

Current: The rated current must be at least equal to 1.25 × ICC. 

Voltage: The rated voltage must be at least equal to the no-load voltage  𝑈!" of the circuit plus 

the coefficient k taking into account the effect of the temperature. 

In our case, 𝑰𝒏 ≥ 𝟏.𝟐𝟓×𝟖𝟒×𝟗.𝟏𝟒 = 𝟗𝟓𝟗.𝟕𝑨 

And 𝑼𝒆 ≥ 𝟏.𝟎𝟒×𝟏𝟖×𝟒𝟔.𝟗 = 𝟖𝟕𝟕.𝟗𝟔  𝑽 
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As a manufacturer we have chosen ABB, which has a switch-dis-connector T7DPV, having 

the characteristics 𝐼! = 1600𝐴  𝑎𝑛𝑑  𝑈! = 1600  𝑉. 

 

N.B: This switch-dis-connector will be integrated in the connection box as well as in the DC 

box. 

 The inverter has 12 inputs, and according to the calculations we have made; we have 

84 strings (solar panels in parallel), so each input of the inverter takes into consideration 7 

strings. (84÷ 12 = 7) 

Therefore, the choice of dis-connector switches integrated in the every junction box is as 

followed:  

𝐼𝑛 ≥ 1.25×7×9.14 = 79.9𝐴 

𝑈𝑒 ≥ 1.04×18×46.9 = 877.96  𝑉 

 

Figure	  18:	  Characteristics	  of	  the	  switch-‐dis-‐connector 
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6) Protection of the AC Part 

 The AC part of the photovoltaic system can be considered as a specific circuit of the 

internal distribution and must meet the specifications of NFC 15-100. 

 

	  

Device Characteristics 

Thermal magnetic circuit 

breaker 

Generally, it is placed upstream of each inverter. 

We should take into account the operating temperature of the 

circuit breakers. In fact, the rated current of the circuit breaker 

indicated in the data sheets of ABB guide is a temperature of 30 

° C. 

For the calibration according to NFC 15-100: 

𝐼! < 𝐼! < 𝐼! 

𝑃𝑑𝑐   ≥ 3  𝐾𝐴 

The output current of the inverter is 965 A 

Circuit breaker open DMX³ 1600 from manufacturer 

LEGRAND is suitable. 

 Surge arrester 

The surge arrester must provide protection in common and 

differential mode. For its location, it is at the forefront for the 

protection of the entire installation. When this surge arrester is 

located more than 10 meters from the inverters, a second surge 

arrester must be installed near each inverter. 

Tableau	  8:	  Characteristics	  of	  the	  thermal	  magnetic	  circuit	  breaker	  and	  the	  surge	  arrester. 
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In our installation we will use the following to protect our AC part: 

Thermal magnetic circuit breaker:  

 

 

 

 

 

 

 

 

 

 

 

 

 

358

Cas 2

n Choix des câbles d’interverrouillage

L1
H

Calcul de la longueur de câble :
L1 = 550 mm + H
L2 = 950 mm + V

L2

V

n Principe d’installation

Pour XL3 4000 - 36 modules
2 DMX3 / DMX3-I peuvent être installés côté à côte sur la même platine 
de montage

Caractéristiques techniques ci-contre

Réf. Equipements pour inverseurs de sources

L’interverrouillage des appareils s’effectue grâce à des câbles 
et permet la réalisation d’inverseurs à 2 appareils, qui peuvent 
être en configuration verticale ou horizontale
Le mécanisme d’interverrouillage se monte à droite  
de l’appareil
Le câble d’interverrouillage est à commander séparément 
(longueur à définir pour chaque installation)
Mécanisme d'interverrouillage

0 281 90 Pour 1 DMX3 1600 3P/4P

Câbles d'interverrouillage
0 289 17 Longueur 1 m
0 289 18 Longueur 1,5 m
0 289 20 Longueur 2,6 m
0 289 21 Longueur 3 m
0 289 22 Longueur 3,6 m
0 289 23 Longueur 4 m
0 289 24 Longueur 4,6 m
0 289 25 Longueur 5,6 m

DMX³ 1600
équipements pour inverseurs de sources

DMX³ 1600
équipements pour inverseurs de sources

0 289 20 Boîtier d'automatisme
réf. 4 226 83 (p. 364)

Figure	  19:	  Thermal magnetic circuit breaker 
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7) Architecture of the photovoltaic solar panels:  
 
 To have an optimal operation of our photovoltaic solar panels, we should absolutely 

take into consideration the distance x between two consecutive installed solar panels that are 

in series as illustrated in figure 20 in order to avoid any shading effects.  

 

This distance x is calculated as follow: 

𝐻 = 𝐿× sin𝐵    

 𝐿2 = !
!"#!

    

So:                          𝑋 = 𝐿!!   − 𝐻! 

Where: 

L: length of the PV panel.  

B: the angle of inclination. 

H: height of the PV panel. 

Figure	  20:	  Distance	  x	  between	  each	  panel 
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A: The angle of elevation of the sun in December (Corresponds to 1 December at noon when 

the sun can reach the lowest position throughout the year). 

X: Distance between two series of consecutive panels. 

 

Besides, we should also compute the latitude of the site and the angle between the solar beam 

and the equator. 

 

 

 

 

 

 

 

 

φ: Latitude of the site 

δ: Declination (the angle between the solar ray and the plane of the equator) 

 
 

We need to find A which is the angle of elevation of the sun in December (which represents 

the lowest position of the sun throughout the year) 

So the declination of the Sun is for this day δ = 23 ° 14' 59.8 '' ~ 23.45 ° 

 𝜹 = 𝟐𝟑.𝟐𝟓× 𝐬𝐢𝐧 𝟑𝟔𝟎× 𝑱!𝟐𝟖𝟒
𝟑𝟔𝟓

 
 

With: J is the number of days from 1 January; 

On 1 December, J corresponds to the 335th day 

Figure	  21:	  The	  position	  of	  the	  sun	  with	  respect	  to	  the	  equator 
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From the figure 21, we have: 

𝟗𝟎° = 𝝋 + (𝑨 − 𝜹) 

𝑨 = 𝟗𝟎° − (𝝋 − 𝜹) 

δ = - 22.10° 

So: A = 37.9° 

Thus: 

With        L= 1.956m                           B= 34°                H= 0.978 m 

 

X=1.26 m 

Then, each single panel will be installed 1.26 m away from the other. 

8) Support	  of	  the	  photovoltaic	  solar	  panels:	  
	  
Nowadays, we can find several types of photovoltaic solar supports in the market. The choice 

of our support we will based of some factors, we cite: 

"  Simplicity of assembly construction. 

"  Fittingness with the nature of the land where we want to install the power station. 

" Price-performance ratio. 

In our installation, we choose the N-Rack system from the K2-systems manufacturer. 

Figure	  22:	  N-‐rack	  system	  
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The figure below shows the general appearance of the structure of the module support. 

 

Figure	  23:	  N-‐Rack	  prototype	  
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9) Surface	  Area:	  

 As mentioned, this project will use an installation of 18 panels in series and 84 panels 

in parallel for a power of 500kW. 

So, first we will compute the surface area used for this installation, and afterwards we will 

compute the one for 5MW. 

The photovoltaic panels that we used are dimensioned as follow: 

992mm 

  

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1956mm	  

	  

	  
	  
To avoid the shading effects, we found that the distance x that should be between each panel 

is 𝑥 = 1,26𝑚. 

Thus, the surface area used for a power of 500kW is: 

0.992𝑚  + 1,26  𝑚 × 1.956  𝑚 + 1.26  𝑚 = 2.252×  3.216 = 7.24𝑚! 

For the panels in series:  2.252  ×18 = 40.53  𝑚 

For the panels in parallel: 3.216  ×84 = 270.144  𝑚 

So for 500kW, the surface area used is:  

𝐴𝑟𝑒𝑎 = 40.53𝑚  ×  270.144  𝑚 = 109  448  𝑚! 

Hence for 5MW: 

𝐴𝑟𝑒𝑎 = 109  448𝑚!×10   = 1  094  480  𝑚!~1.095  𝑘𝑚! 
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Part	  III:	  Feasibility	  study	  of	  economics	  and	  performance	  of	  a	  solar	  
photovoltaic	  panel	  
	  
	  
	  
 After calculating the various parameters of the photovoltaic plant, an economic study 

is necessary to analyze the profitability of the plant, at the same time; we should have a 

primary idea about the costs of the investment. 

To do so, we propose a study that will go through the following steps: 

" Determination of the investment cost of the project. 

" Determination of operating costs. 

" Calculation of estimated kWh cost. 

" Determination of project profitability criteria. 

1) Total	  cost	  of	  the	  project:	  

1.1 Investment	  Cost:	  

 Estimating investment costs is a key element of the feasibility of our project, the 

reliability of this estimate, and therefore the quality of the evaluation. 

The cost evaluation implies defining the total investments, corresponding to the programmed 

expenditure. These investment costs of the benchmark option must allow comparison with the 

costs of the project options. It is therefore important that the investment costs in the reference 

option and in the project option be assessed with the same requirements of completeness and 

reliability, assuming in particular that the option costs refer to a design and optimized 

management. 

The following excel table is a summarized computation of our project installation for a power 

of 500kW.  
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Tableau	  9:	  Excel	  cost	  analysis	  

 

So, for a 5MW installation it we be: 

4  046  350,00  ×  10 = 40  463  500, 00  𝑀𝐴𝐷 

1.2 Cost:	  
	  
It groups elements that are related to: 

" Maintenance and maintenance of equipment 

" Salary costs of operating staff 

" Taxes and fees 

" Other operating expenses and contingencies. 

The operating cost is estimated to be 20% the investment cost [38], thus:  

This cost is estimated to be: 

40  463  500,00  ×  20% =     𝟖𝟎  𝟗𝟐𝟕,𝟎𝟎  𝑴𝑨𝑫  For 500kW 

And                       𝟖  𝟎𝟗𝟐  𝟕𝟎𝟎,𝟎𝟎  𝑴𝑨𝑫                for 5MW 
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2) The	  cost	  of	  the	  KWh	  estimated:	  	  
	  
The average cost of the estimated KWh depends on the following parameters: 

" Initial investment per watt peak symbolized I 

" Annual energy produced per watt peak symbolized Nh 

" Maintenance: 

Thus, we define the maintenance factor Kem by the following formula: 

𝐾𝑒𝑚 =
𝐴𝑛𝑛𝑢𝑎𝑙  𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡    

So,  

𝐾𝑒𝑚 =
    8  092  700,00
40  463  500, 00

= 0,2 

 
 
 
 
 

" Discount rate and the lifetime of the PV plant. These last two parameters make it 

possible to calculate the discount factor which is given by the following formula: 

𝐾𝑎 =
𝑡×(1 + 𝑡)!

(1 + 𝑡)! − 1 

 
Where: 
 
n: the panel lifetime  

t: the discount rate, we take t = 8% 

Thus, the estimated KWh cost is given by the following formula: 

 

 

So,  

𝐾𝑎 =
0,86×(1 + 0,08)!"

(1 + 0,08)!" − 1 = 0,0936 
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𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝐾𝑊ℎ   =
𝐼×(𝐾𝑎 + 𝐾𝑒𝑚)

𝑁ℎ  
 

As a result:  

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝐾𝑊ℎ   =
8  009  270×(0.0936 + 0.2)

5000000 = 0,47  𝑀𝐴𝐷 
 

 

As a result, the estimated cost of the kWh is 0.47 MAD 

3) Project	  cost-‐effectiveness	  criteria:	  
	  
 Profitability is a general term that measures the income that can be obtained in a 

particular situation. It is a common factor in all production activities. Some parameters have 

to be introduced in order to define the profitability. 

1.1 Depreciation:	  
	  
 According to the general chart of accounts, depreciation is the accounting recognition 

of the depreciation of the value that is caused by these physical factors: 

" Technical: the use of a machine in the production process, the technological 

development that causes the reduction of the value of old equipment... 

" Economics: changing and evolution of customer needs 

Depreciation is given by the following formula: 

𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛   =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡  𝑐𝑜𝑠𝑡
𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑙𝑖𝑓𝑒  𝑡𝑖𝑚𝑒   

Thus, 
 

𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛   =
40  463  500, 00  

25   = 1  618  540  𝐷𝐻/𝑌𝑒𝑎𝑟 
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1.2 Payback	  period:	  
	  
 After checking with the manufacturer of the photovoltaic panels that we used 

(Jinkosolar), the maintenance of these panels is done once a week. Thus, it is 50 days 

maintenance the whole year. 

Knowing that the payback period is: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘  𝑃𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝑇𝑜𝑡𝑎𝑙  𝑃𝑟𝑜𝑓𝑖𝑡  

The solar photovoltaic panels are operating 10h a day with a total capacity of 5MW. 

Hence the power generated in one day is: 

12×5 = 60𝑀𝑊/𝑑𝑎𝑦 

In MAD: 

60×10!×0.47 = 28  200𝑀𝐴𝐷/𝑑𝑎𝑦 

With a 50 days maintenance we have: 365− 50 = 315  𝑑𝑎𝑦𝑠 operating hours  

So, the profit per year is: 

60×10!×0.47×315 = 8  883  000,00𝑀𝐴𝐷/𝑦𝑒𝑎𝑟 

Accordingly, the payback period is:  

𝑃𝑎𝑦𝑏𝑎𝑐𝑘  𝑝𝑒𝑟𝑖𝑜𝑑 =   
40  463  500, 00
8  883  000,00 = 4.5  𝑦𝑒𝑎𝑟𝑠 
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Simulations:	  	  
	  
 Solidworks is a solid computer-aided design modeling (CAD) that is using parametric 

features to create specific models and assemble them at the end [37]. Solidworks helps 

engineers to create 2D or 3D models faster and without any complicity. This software is using 

simple interfaces, and presents the final simulations in an effective way [37].  

	  
	  
	  
	  
	   th	  	  
	  
	  
	  
In this project, first we started by modeling the different parts of the photovoltaic solar panels; 

then we ended by assembling them in one complete design. 

See appendix A. 
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Conclusion:	  

 Solar energy is the future of Morocco especially in Ouarzazate because this region is 

characterized by a favorable weather to implement and use this energy. 

 The aim of this project is to dimension a 5MW power section in Ouarzazat. We found that 

the photovoltaic solar panels can be installed in series and in parallel; consequently, we first 

separated the power to 500kW in order to know the exact details of our installation. Then, the 

results that we found is implemented into 10 similar installations in order to produce the 

power that we are looking for which is the 5MW. 

Hence, for a power of 500kW, we will be installing 1512 photovoltaic solar panels that are 

containing 18 inverters in series and 84 in parallel. For the angle of the inclination, we used 

by convention 𝛽 = 34° since it is the common used in Ouarzazat. Concerning the AC and the 

DC parts of the installation, we opted to protect them using fuses, surge arresters, circuit 

breakers… 

This project will occupy a surface area of 1.095  𝑘𝑚!  following the dimensions of the 

photovoltaic solar panels and the distance x computed to avoid the shading effect. 

Concerning the investment cost, this project will cost 40  463  500, 00  𝑀𝐴𝐷 , with an 

operating cost of 8  092  700, 00  MAD, and a 4.5 years payback period. Accordingly, the price 

of the kWh is estimated to be 0.47 MAD. 
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Appendix	  A	  
	  
Solidworks simulations: 
 

" The complete installation assembly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	  24:	  Solidworks	  assembly 
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" The Photovoltaic solar panel used containing 72 cells. 

 
 
 

" The support 1of the N-rack. 

 
 
 
 

 Figure	  26:	  Solidworks	  part	  2 

Figure	  25:	  Solidworks	  part	  1 



	   66	  

" The support 2 of the N-rack. 
 
 

Figure	  27:	  Solidworks	  part	  3 

 
 

" The glass that covers the photovoltaic solar panel. 
	  

Figure	  28:	  Solidworks	  part	  4 
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" The boundary of the photovoltaic solar panel. 
 

 
Figure	  29:	  Solidworks	  part	  5 
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Appendix	  B:	  
The characteristics of the photovoltaic panel used. 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  

	  
	  

	  

www.jinkosolar.com

Tolérance positive de 0/+3%

Usine certifiée ISO 9001:2008, ISO 14001:2004,
OHSAS 18001

310-330 Watt
JKM330PP-72

MODULE POLYCRISTALLIN

Produits certifiés IEC 61215, IEC61730

CARACTÉRISTIQUES PRINCIPALES

Module certifié pour résister à la pression du vent (2400 Pa) et à la charge de
neige (5400 Pa).

Power
Warranty

Weak light Excellentes performances dans des conditions de faible ensoleillement grâce à
une technologie de pointe pour le traitement du verre et le surfaçage.

2400 Pa
5400 Pa

PID-FREE Limitation de la diminution de la puissance des modules Eagle provoquée par le
phénomène de Dégradation induite par le potentiel (PID), garantie à une température
inférieure à 60℃ et 85 % d’humidité relative pour la production de masse.

Module polycristallin — 72 cellules pouvant atteindre une puissance de 330 Wp.

Résistance à l’ammoniac et au brouillard salin, certifiée par TÜV NORD.

Puissance optimale élevée:

Garantie anti-PID :

Performance sous faible luminosité:

Résistance élevée aux intempéries:

Durabilité face à des conditions environnementales extrêmes:
RESISTANT

CLIMATE
DURABILITY

Coefficient de température:
Diminution de la perte de puissance lors de températures élevées grâce à l’amélioration
du coefficient de température.

MCS

Cellule solaire 4 busbar:
La cellule solaire 4 busbar adopte une nouvelle technologie pour amelriorer i 
efficacite des modules et offre une meilleure esthetique visuelle rpermettant aux 
modules de s'adapater parfaitement aux installations sur toiture.

Garantie De Performance Lineaire

AnnéeG
a

ra
n

tie
 d

e
 p

e
rf

o
rm

a
n

c
e

 d
e

 p
u

iss
a

n
c

e

10 an de garantie produit      25 ans de garantie lineaire de puissance

80.7%

90.%

95.%

97.5%

100%

1 5 12 25

Nouveau avantage pour la garantie lineaire Jinkosolar

Nouvelle Garantie lineaire de performance

Garantie de performance standard

(4BB)



	   69	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	   	  

Dessins techniques

Caractéristiques mécaniques

Performances électriques et dépendance thermique

Type de cellule

Nombre de cellules

Dimensions

Poids

Cadre

Boîte de jonction

Câbles de sortie

Polycristallin  156×156 mm (6 pouces)

72 (6×12)

1956×992×40 mm(77,01×39,05×1,57 pouces)

26,5 Kgs(58,4 lbs.)

  TÜV 1×4.0mm ， longueur : 900mm ou de longueur personnalisée²

Type d’emballage
(2 cartons = 1 palette)

Isc

Voc

PmaxCathode + Anode

Connecteur

Trous de montage

Boîte de jonction

Etiquette

Trous de mise 
à la terre

Face avant Côté Face arrière

Courbes courant-tension et 
puissance-tension (315W) 

Variation d’Isc, de Voc et de Pmax 
en fonction de la température

C
ou

ra
nt

 (A
)

 Puissance (W
)

Is
c,

 V
oc

, P
m

ax
 n

or
m

al
is

és
 (%

)

Tension(V) Température de cellule (℃)

25 pièces/carton, 50 pièces/palette, 600 pièces/conteneur 40 pieds HQ

Verre en face avant   4,0 mm, trempé à basse teneur en fer et à haute 
                                                                     transmission lumineuse

’

Protection IP67

AM=1.5STC:

Tolérance de mesure de la puissance : 0 +3%*

Conditions d'éssai standard (STC) Irradiance 1000W/m²

Conditions d'éssai standard Irradiance 800W/m²

JinkoSolar se réserve le droit d’interpréter en dernier recours les informations contenues dans la présente fiche technique.  FR-MKT-330PP_rev2016

AM=1.5NOCT: Vitesse du vent 1m/s

SPECIFICATIONS
Type de module 

Puissance maximale (Pmax)

Tension à puissance maximale (Vmp)

Intensité à puissance maximale (Imp)

Tension circuit ouvert (Voc)

Courant de court-circuit (Isc)

Rendement Module (%)

Température de fonctionnement (℃)

Tension maximale du système

Calibrage maximal des fusibles séries 

Tolérance de puissance

Coefficients de température de Pmax

Coefficients de température de Voc

Coefficients de température de Isc

Température nominale d utilisation des cellules (NOCT)

5 10 15 20 25 30 350 40 45
0

1

2

3

4

5

6

7

8

9

10

0

45

90

135

180

225

270

320

Température de cellule 25°C

Température ambiante 20°C 

-40℃~+85℃

1000VDC (IEC)   

15A

0~+3%

-0.40%/℃

-0.30%/℃

0.06%/℃

45±2℃

JKM320PP

320Wp

37.4V

8.56A

46.4V

9.05A

16.49%

JKM325PP

325Wp

37.6V

8.66A

46.7V

9.10A

16.75%

JKM310PP

310Wp

37.0V

8.38A

45.9V

8.96A

15.98%

242Wp231Wp

6.91A6.81A

35.0V33.9V

44.0V42.7V

238Wp

6.86A

34.7V

43.7V

7.30A 7.34A7.26A

STC NOCT STC NOCT

JKM330PP

330Wp

37.8V

8.74A

46.9V

9.14A

17.01%

246Wp

6.97A

35.3V

44.2V

7.38A

STC NOCTSTC NOCT

JKM315PP

315Wp

37.2V

8.48A

46.2V

9.01A

16.23%

235Wp

6.84A

34.3V

43.2V

7.29A

STC NOCT

Aluminium anodisé

Ⅲ

4.5

14

9 5.5

55

55

3

8

Ⅱ

XXXXXXXXXXXXXXXXXXXX

Ⅰ

40

XXXXXXXXXXXXXXXXXXXX

10
0

86
0

13
60

L

942

Ⅱ

Ⅲ Ⅰ

 -

A A

2-Ø
4

19
56

992

35

7.740



	   70	  

Appendix	  C:	  
	  
Inverter	  Specification:	  
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Appendix	  D:	  
Law concerning the renewable energy sector. 

	  

1 

 

La loi n°58-15  amendement et complétant de la loi n° 13-09  
Relative aux énergies renouvelables 

 

La loi n°58-15 modifiant et complétant la loi 13-09 relative aux énergies 
renouvelables est adoptée par le Parlement (à la première chambre en date du 27 
octobre 2015 et à la deuxième chambre en décembre 2015). Les grands principes de 
cette loi sont : 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Augmentation du seuil de 
la puissance installée pour 
les projets d’énergie de 
source hydraulique de 12 à 
30 MW 

La loi 13-09 excluait de son champ  d’application les projets dont la 
puissance était supérieure à 12 MW, ce qui constituait, une barrière pour 
l’exploitation du seuil maximal offert par les caractéristiques 
morphologiques et hydrologiques des sites de production ». Ce seuil sera 
désormais augmenté pour atteindre 30 MW, d’où une modification de 
l’article Premier de la loi 13-09.  

Possibilité de vente de 
l’excédent d’énergie 
renouvelable produite 

 

Possibilité de vente de l’excédent de la production électrique de sources 
renouvelables dans le cadre des installations connectées au réseau 
national de Haute Tension (HT) et Très Haute Tension (THT) ainsi qu’ au 
réseau moyenne tension et basse tension à l’ONEE et aux gestionnaires de 
réseaux de distribution. L’exploitant ne pourra vendre « plus que 20 % en 
tant qu’excédant de la production annuelle 

Les modalités et les conditions commerciales de rachat de l’excédent sont 
fixés par voie réglementaire ». 

 Ouverture du marché 
électrique de sources 
renouvelables de la Basse 
Tension (BT) 

L’ouverture de l’accès au réseau de distribution de la BT fera son entrée 
dans la loi 13-09, (article 5), cantonnée jusque-là à la HT, THT et MT. Cette 
mesure permettrait  le développement de la filière industrielle de petites et 
moyennes installations, notamment pour le photovoltaïque et la création de 
l’emploi» dans le secteur des énergies renouvelables. L’accès au réseau 
électrique de BT sera subordonné « à des conditions et modalités fixés par 
voie réglementaire ». 

Prise en compte de l’avis 
de l’Agence du bassin 
dans les processus  
d’autorisation 

Pour tout projet d’installations de production électrique de source d’énergie 
hydraulique, l’octroi de l’autorisation qui n’était soumise, au regard de la loi 
13-09, qu’au seul avis technique du gestionnaire du réseau national de 
transport, devrait être assujetti également à l’avis du Bassin hydraulique 
concerné. 

 


