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ABSTRACT: Moroccan authorities have legalized the connection of photovoltaic installations to the
national low-voltage network, and they will probably adopt the net billing method (Law NO. 58/2015).
Knowing that the national electricity distributor ONEE (National Office of Electricity and Water) will
only be able to purchase a small part of the electricity produced by private installations, oversized
photovoltaic installations become a crucial issue for promoters and investors. In this situation, it is
important to know the electrical productivity and efficiency of the photovoltaic installations obtained on
each site. Thus, in each of the first 20 sites, including the Multidisciplinary Faculty of Nador, a
photovoltaic installation with three silicon technologies: monocrystalline, polycrystalline and
amorphous, each of 2kWp is installed and connected to the national electricity network. The installation
is coupled to a weather station. The installation is acquired as part of the PROPRE.MA project
supported by IRESEN (Institute for Research in Solar Energy and New Energies). The work carried out
here focuses on the experimental analysis of the electrical productivity of technologies based on
meteorological data by evaluating the performances. The results of the three technologies are then
compared to the simulations of the PVsyst software.
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I. INTRODUCTION

Experts around the world are researching strategies to reduce energy demand, methods to secure energy
supplies, technologies to increase power grid efficiency, new and renewable energy sources to replace limited and
harmful fossil fuels. Renewable sources are the effective choice to reduce energy dependence, environmental
pollution and global warming. Morocco is a country rich in renewable energy sources (wind, hydraulic and solar),
but these are little exploited [1]. Since 2009, sustainable development has been a leitmotif of Moroccan policies.
Renewable energies, energy efficiency and environmental preservation permeate political discourse. Indeed, in a
context of high oil prices having a significant impact on the trade balance, renewable resources constitute the
most interesting alternative to help Morocco support its economic vulnerability.
The Moroccan renewable energy strategy aims to achieve an electricity production of 6 GW by 2030 equivalent
to 52% of installed capacity from renewable resources, which will allow an annual saving in greenhouse gas
emissions equivalent to 3.7 million tons of CO.. In 2009, Morocco put in place several instruments; A Moroccan
Solar Plan with a budget of 9 billion dirhams (0.9 billion American dollars) and a dedicated MASEN agency
(Moroccan Solar Energy Agency) were set up in 2009. In the building sector, ADEREE (National Agency for
development of renewable energies and energy efficiency) contributes to promoting renewable energies, while
IRESEN contributes to promoting scientific research in the field of renewable energies.
To meet its energy needs, Morocco inaugurated in 2010 a thermodynamic combined cycle power plant located
in Ain Beni-Mathar in the Oriental region of 20 MW out of 470 MW of the complete project. In 2013, the
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Ouarzazate NOOR solar complex was inaugurated. At present, CSP parabolic trough plants; NOOR I at 160
MW and NOOR Il at 200 MW are already operational. NOOR 11 is the third CSP complex in the complex and
the first tower. The latter plant has a molten salt storage capacity of 7.5 hours and is expected to be
commissioned by the end of 2018. The phase | of the NOOR Midelt project was launched soon in May 2019;
the commissioning date is planned for 2024. Its phase | should include two hybrids concentrated solar (CSP)
and photovoltaic (PV) power plants of 400 MW each. For each project, CSP would provide 150 to 190 MW
with minimum storage duration of 5 hours. At the end of 2018, the Kingdom had a solar capacity of 700 MW,
also thanks to the Noor Laayoune (85 MW) and Noor Boujdour | (20 MW) power plants. Furthermore, the
ONEE has developed a program of medium-sized photovoltaic (PV) solar power plants through 3 projects; Noor
Tafilalet-Erfoud (120 MW) commissioned in 2020, Noor Atlas (200 MW) launched in 2021, commissioning is
planned for 2024 and Noor Argana (200 MW) commissioned in 2020. Regarding wind power, Morocco
currently has a capacity of 900 MW, including the Khalladi private park, with an installed capacity of 120 MW,
operational since December 2017. The Taza wind farm (150MW) launched in 2020 and will be commissioned
in 2024, as well as the 850 MW integrated wind project: Tanger 1l (100 MW), Jbel Lahdid (200 MW) and
Midelt (150 MW), Tiskrad (300 MW) and Boujdour (100 MW) and will be commissioned in 2024. And that's
not all, other projects have been carried out, including Aftissat (201.6 MW). The project is located south of
Boujdour; it will be commissioned in 2019.
In the same sense, the connected photovoltaic network can be a means for the emergence of decentralized
production of DC photovoltaic energy. Anyone owning a residential house, a municipal building or another
establishment can build a photovoltaic generator and become a producer of renewable energy by injecting all or
part of the DC photovoltaic energy produced into the public distribution network. ONEE can systematically
purchase the energy produced at preferential rates, defined in the regulatory framework decided by the
government.
The PROPRE.MA project supported by IRESEN constitutes a modest contribution to these national efforts. The
project is based on the use of soil calibration by DC photovoltaic production measurements on around twenty
sites uniformly distributed across the national geography for three silicon technologies whose objectives can be
summarized as follows:

0 Integration of time measurements to obtain monthly (kWwh/Wp/Month) and annual (kWh/Wp/Year)

productivity.
0 Use of on-site measurements to carry out an experimental calibration of a productivity chart based
on that of solar radiation and temperature.

0 Proposal of a correlative method which would be easily extended to other regions of Morocco.
The innovation of the project lies in the creation of a national network of measurement sites and updated data
essential for future projects in the photovoltaic sector. The contribution of this article to the PROPRE.MA
project is to measure electricity production from solar radiation using three silicon-based photovoltaic
technologies; mc-Si, pc-Si and a-Si according to meteorological data obtained from the meteorological
installation located near the photovoltaic installation. The two facilities are located on the roof of the research
block of the Multidisciplinary Faculty of Nador (PFN), in the province of Nador, in the northeast of Morocco.
The measurements will be used to analyze DC photovoltaic production based on meteorological data, then to
compare DC photovoltaic production obtained by the three silicon technologies by estimating the performance
of each. Finally, a comparison of the experimental data will be carried out with the simulation results obtained
by the commercial software PVsyst.

I1. BASIC THEORETICAL BACKGROUND

2.1 Solar radiation

Solar energy is nothing other than the light energy emitted by the sun (Figure 1). Light energy is
composed of several monochromatic rays; each of a specific wavelength. The curve of light energy versus
wavelength is the solar spectrum. The average solar spectrum on the ground depends on GPS (Global
Positioning System) coordinates. In this case, the same spectrum at a given position of the ground depends on
the inclination of the sun and climatic conditions. The spectrum is characterized by a coefficient, called Air
Mass (AM), corresponding to the thickness of the atmosphere crossed by the solar rays [2].
The light at the outer edge of the Earth's atmosphere, corresponding to the so-called zero air mass (AMO), is
defined as the extraterrestrial insolation (Go), variable quantity, but generally taken as 1366.1 W/m? for
practical applications [3]. When the sun's rays pass through the Earth's atmosphere, they are attenuated by
various atmospheric constituents; notably in descending order of their relative effects on solar rays under a clear
(cloudless) sky: Aerosols (Die Light Scattering), particles (Rayleigh scattering), Water Vapor, Ozone, Carbon
Dioxide and Oxygen.
The level of attenuation depends on the concentration of atmospheric components and the length of the path
traveled by the sun's rays. If the sun is directly overhead, the path length is minimum, and the air mass is one air
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mass (AM1). As the sun's elevation above the horizon decreases, the sun's rays must travel a greater distance
before reaching the ground. Thus, the air mass will increase. For many solar PV applications, an air mass of 1.5
(AM1.5) with an associated irradiation of 1000 W/m? (1 sun) is considered a standard atmospheric condition.
The precise definition of standard atmospheric conditions AM1.5 (ASTM G-173) can be found in articles [4-
12].
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Figure 1: Solar energy spectrum
Morocco with solar radiation of 320 days/year (3000 hours/year) and average solar radiation of 5.5 kWh/mz2/day
(figure 2) [13] can be a leading country in the installation of photovoltaic power plants connected to the
network. and produce electricity on an industrial scale.
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Figure 2: Annual mean solar irradiation map of Morocco as obtained by the ANN aboriginal technique
[13].

2.2 Photovoltaic Solar Energy

The term “photovoltaic” can refer to the physical phenomenon or the associated technology.
Photovoltaic solar energy is electricity produced by transforming part of solar radiation using a photovoltaic
cell. The photovoltaic cell is the elementary component of a photovoltaic panel. Photovoltaic cells exploit the
photoelectric effect to produce direct current by absorbing solar radiation. The photoelectric effect was first
noticed by a French physicist, Edmund Becquerel, in 1839, who discovered that certain materials produced
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small amounts of electric current when exposed to light [14,15]. This effect allows cells to directly convert the
light energy of photons into electricity using a semiconductor material carrying electrical charges. A
photovoltaic cell is made of two types of semiconductor materials, one with an excess of electrons and the other
with a deficit of electrons. These two parts are called n-type and p-type “doped” respectively. Doping silicon
crystals involves adding other atoms to improve the conductivity of the material. A silicon atom has four
peripheral electrons. One of the layers of the cell is doped with phosphorus atoms, which themselves have five
electrons (1 more than silicon). We speak of n-type doping as negative because the electrons (of negative
charge) are in surplus. The other layer is doped with boron atoms which have three electrons (1 less than
silicon). We speak of p-type doping as positive because of the electronic deficit thus created. When the first is
brought into contact with the second, the excess electrons in the n material diffuse into the p material. As they
pass through the photovoltaic cell, the photons snatch electrons from the silicon atoms of the two n and p layers.
The released electrons then move in all directions. After leaving the p layer, the electrons then take a circuit to
return to the n layer. This movement of electrons is nothing other than electricity (figure 3). The effect therefore
relies on the semiconductor properties of the material and its doping, to improve the conductivity [16].
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Figure 3: Equivalent circuit of the photovoltaic effect. (http://www.alternative-energy-tutorials.com)
Photovoltaic model

Substrate Base

The I-V characteristic of the solar cell changes with the global solar radiation intensity G (W/m?) and the cell
temperature t(°C), i.e. I= f (V,S,t). According to electronics theory, when the load is pure resistance, the actual
equivalent circuit of the solar cell corresponds to that in Figure 5 [17]. I is the current supplied by a solar cell.

(q(V+|RS)] V+IR
TAT +
l=1, —l,|e " J_1|-——= )
Rsh
l4: the junction current of the diode, is estimated as:
(q(erle)]
l,=1,le" * /-1
where:
I: Load current, k: Boltzmann constant,
IL: Photovoltaic current, T: Absolute temperature,
lo: Reverse saturation current, A: Diode quality factor,
q: Electronic charge, Rs: Series resistance,

Rsn: Parallel resistance
Another important parameter is the open circuit voltage Voc:

KT I KT I
Vocqun(ijqu?m(ij )

Figure 5 illustrates an IV function with the power curve, to illustrate the position of the maximum power point
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[18]. The equivalent diagram (figure 4) of the real photovoltaic cell includes a current generator, which models
the lighting and a diode in parallel which models the PN junction, and two resistors, one in series Rs and the other

in parallel Rsn [19].
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Figure 4: Equivalent circuit diagram of a real PV cell.
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Figure 5: Typical 1-V characteristic of a module with the variation of power [18]

a) Photovoltaic system efficiency

The efficiency of the PV system is the efficiency of the entire system, including the PV generator and the
inverter [20]. It is the ratio of the AC energy injected into the network to the overall incident irradiance G on the
surface inclined at 30° of 1 m? times the surface of row A [21]. The analytical expression allowing the
efficiency of the system to be expressed is written [22]:

E
e — —AC ©))
G-A
b) Photovoltaic cells

Currently on the market, there are three predominant and recognized technologies: mc-Si, pc-Si and a-Si (Fig. 6).
The definitions of each of them are reported here below:

mc-Si cells:

The silicon is melted twice to solidify and form a large single crystal. The crystal is then cut into thin slices to
form cells. These cells are usually uniformly blue. Their efficiency is around 14 to 16% and they are more
expensive than pc-Si cells.

Use: Its high efficiency can make it possible to integrate a 2kWp photovoltaic field on a small roof with a small
surface area.

pc-Si cells:

These are currently the most used. They are made up of a block of crystalline silicon made up of several crystals
of different orientations. The photovoltaic cell is bluish but not uniform; the different crystals distinguish the
patterns. Their efficiency is around 11-13%, but their cost is lower than that of mc-Si cell production.
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Use: Less expensive than mc-Si these days, while having the same thermal resistance characteristics, pc-Si
panels are perfectly suited to a project with a power of 3 kWp.

(@) mc-Si (b) pc-Si (c) a-Si
Figure 6: Three technologies of PV silicon cells

a-Si cells:

a-Si cells are made of a glass or synthetic material support on which a thin layer of silicon is spread; the
organization of atoms is more regular than in a crystal. a-Si cells have the advantage of operating with little light
(on cloudy days for example) and of being less sensitive to high temperatures than mc-Si or pc-Si cells. However,
their yield is low; it's between 5 and 10%. The flexibility of a-Si cells allows them to be mounted on curved
supports. In addition, neither the lightness of the panels (nor the weight of the device must be greater than
5kg/m?), nor the stability of the supports must be reinforced. The guarantee of the nominal installed power after
20 years of operation is 80% for the most recent products.

Use: a-Si cells are preferable when we have a large field and want to optimize our production. These cells are
often used when strong heating of the modules is expected. These panels are often used for so-called
“professional” projects whose power exceeds 3 kWp.

2.3 Grid-connected photovoltaic power systems

A mini photovoltaic solar installation is made up of modules, each made up of silicon photovoltaic cells
most often. These generators convert solar energy directly into DC (direct current) electricity. The power is
expressed in Watt-peak unit (Wp) which defines the power available at the generator terminals in optimal
sunshine conditions. Then a Sunny Boy inverter converts direct current (DC) into alternating current (AC) at 50
Hz and 220 V. Depending on the choice, all or part of the production is injected into the public network, and the
rest is consumed by the producer. When photovoltaic production is insufficient, the network provides the
necessary electricity. In special cases, mainly in regions subject to regular power outages, it may be
advantageous to add batteries for energy storage to the photovoltaic generator fleet. We are then talking about a
secure system for producing electricity, even in the event of a breakdown in the power supply from the public
network (bad weather, devastating cyclone, ...etc.).

I11. EXPERIMENTAL DETAILS

The photovoltaic system (Figure 7), mounted with a meteorological station on the roof of the Research
Block of the Multidisciplinary Faculty of Nador (PFN) (north latitude 35°3'53.751", west longitude
2°54'37.504", altitude 29m) province of Nador in the northeast of Morocco, belongs to the PROPRE.MA
project. The project supported by IRESEN, in which twenty national academic institutions plus three others
(Figure 8) and one company are involved, aims to establish a table where photovoltaic productivity will be
compiled to guide future photovoltaic projects [24-29]. The weather station provides air temperature, wind
speed and direction as well as solar radiation in horizontal and 30° inclined planes [30-33]. The installation
consists of three rows of independent panels of three different silicon-based photovoltaic technologies: mc-Si,
pc-Si and a-Si of 2 kWp of power each. All three inverters of the same brand and model convert direct current
(DC) to alternating current (AC). To reduce losses on the DC side, the inverters are mounted outside, just in the
shade of the modules. DC photovoltaic productivity measurements are carried out based on meteorological data.
The characteristics of the three technologies are presented in Table 1. In Table 2 the nominal specifications of
the photovoltaic modules are summarized, as extracted from the standard technical data sheets of the
manufacturers.
Table 3 shows the nominal specifications of each PV row, calculated from the manufacturer's standard data
sheets, according to the system configuration shown in Figure 7. It is important to note that the tilt angle (30°) is
almost equal to the latitude of Nador, almost the optimal value for capturing maximum solar energy each year
Table 4 shows the nominal specifications of the inverters, taken from the manufacturer's standard data sheet.
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No instructions were given for cleaning the modules. Like all other Moroccan cities in the project, the modules
should only be cleaned (with soap and water) when visual inspection of the site reveals unacceptable clogging of
the modules. As a result, the AC efficiencies that will be presented below more closely resemble what they
should be for common silicon-based PV technologies connected to a home PV grid. Therefore, AC efficiencies
may even be slightly higher for professionally maintained installations.
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Figure 8: Position of the calibration points in 21 academic sites.

1IV. RESULTS AND DISCUSSIONS
The production of photovoltaic installations is not stationary over time; and it may depend on several factors as
follows:

4.1 Solar radiation

In Figure 9, it is possible to represent the solar radiation captured in the horizontal plane and the 30°
inclined plane of the weather station for certain winter and summer days. There is an obvious gap between the
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solar radiation of horizontal and inclined planes in summer, but in winter the gap becomes minimal. Another
important note is that solar radiation is greatest in the middle of the day in winter with short daylight hours.
Concerning the two irradiations, we note that the irradiation of the inclined panel is slightly higher than that of
the horizontal panel and is close to the behavior of the energies released by three silicon technologies compared
to the irradiation of the horizontal panel [34].

Table I. Manufacturer cell nominal specifications.

Cell a-Si pc-Si mc-Si
Yield at standard conditions* (%) 7-8 11-13 14-16
Normal operating cell temperature (°C) 45 45 NC
Panel area per 1 kWp** (m?) 16 8 7
Power produced (kWhfy) 900 750 750
Energy produced (kWh/ma/y) 55-60 90-95 90-95
Emission of CO; saved (kg/kWply) 390 325 325
Emission of CO; saved (kg/m3/y) 25 40 45

* Standard Test Conditions: 25°C, light intensity of 1000W/m?
** kWp = kilowatt 'peak’

Table 11. Manufacturer module nominal specifications.

Module pc-Si mc-Si a-Si
IEC standard certification IEC 61,215 IEC 61,215 IEC 61,646
Number of cells per module 60 60 127
Cells size 6 6 ~1/3
Nominal power (W) 255 255 155
Temperature coefficient of power (/K) -0.410% -0.450% —0.280%
Tolerance on power Oto+2% O0Oto+2% Oto+3%
Nominal open circuit voltage (V) 38 37.8 85.5
Temperature coefficient open circuit voltage (/K) —-0.310% -0.300%  —0.320%
Nominal voltage at maximum power (V) 30.9 314 65.2
Nominal short circuit current (A) 8.88 8.66 2.56
Temperature coefficient short circuit current 0.051% 0.004% 0.070%
Nominal current at maximum power (A) 8.32 8.15 2.38

Table I11. Row nominal specifications as calculated from the standard manufacturers’ datasheets.

PV row pc-Si mc-Si a-Si
Number of strings per row 1 1 2
Number of modules per string 8 8 6
Nominal power (W) 2040 2040 1860
Nominal open circuit voltage (V) 304 3024 513
Nominal voltage at maximum power (V) 247.2 251.2 391.2
Nominal short circuit current (A) 8.88 866 5.12
Nominal current at maximum power (A) 832 815 476
Modules orientation Facing south
Modules tilt angle (°) 30

4.2 Temperature

Figure 10 shows four graphs of panel temperature and weather station air temperature near the panels
for two days in winter and summer; the first is poorly sunny and the second is perfectly sunny. Typically, panel
temperatures are higher than nearby air temperatures during the day. However, at night or on cloudy days, the
panel and air temperatures are the same. In addition, the temperature of a-Si panels is always higher than that of
pc-Si panels. The temperature of the mc-Si panels is always lower than that of the other two.

4.3 Power production

Figure 11 shows the energy productivity of the three types of solar panel rows with solar radiation tilted
at 30° in winter and summer, with the first and third graphs for cloudy days and the second and fourth graphs for
sunny days. On bad days, energy productivity is very strongly affected and disrupted [35]. Power generation on
good days is supported by slightly elevated power generation in winter during the middle of the day. However,
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in summer, production extends to sunnier hours. Moreover, the energy productivities of mc-Si and pc-Si panel
rows are almost equal, slightly higher for pc-Si panel rows. The energy production of the rows of a-Si panels is
always lower than that of the other two. In the same figure we can see that the rows of panels start producing
energy even though the sun has not yet risen in the morning, so the power is greater than the solar radiation.
According to these graphs, photovoltaic energy production mainly depends on solar irradiation [36,37].

Table 1V. Inverter nominal specifications as extracted from the standard manufacturer’s

datasheet.
Inverters  All systems
Nominal 2000
ower (W -
P W) Maximum 2100
Efficiency Maximum 96.3%
European 95.0%
Minimum 175
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Figure 9: Daily solar irradiation in winter and summer for 30°-inclined and horizontal planes.

Figure 12 shows the electricity production for the three technologies during the year 2015. Production is higher
in July but also in May and March. This means that electricity production depends on solar radiation and is
independent of the seasons. However, in winter and autumn the days are cloudier. This condition implies low
energy production during these two seasons.

A comparison made between the experimental power generation results for mc-Si panel rows and the theoretical
results obtained using the PVsyst software is shown in Figure 13. Both give similar results [38], and the small
differences (April for example) are due to the fact that the experimental results are attenuated by cloudier days
in April 2015 than in normal years. However, other factors can alter the energy production of the rows of panels,
such as dust and bird droppings.

4.4 Efficiency

Figure 14 shows the time-dependent efficiency of three silicon PV solar arrays. Efficiency is calculated
from measured data as a ratio of electricity production to solar radiation on a 30° inclined plane, like equation 2,
for the two good sunny days only. The yield is stable in general but low at the start and end of the day. The a-Si
yields are respectively 9 and 10% in winter and summer while for the rows of mc-Si and pc-Si panels it is
________________________________________________________________________________________________________________________________|
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around 15% all year round. It can also be noted that pc-Si lines start producing earlier than mc-Si and a-Si
technologies. It can be noted that the experimental efficiency values are in perfect agreement with the
manufacturers' values [22].
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Figure 10: Daily temperature for sunny days in winter and summer.

V. CONCLUSIONS
The analysis of the results of the photovoltaic installation with the data from the meteorological station led to
important remarks:
- The climatic conditions and geographical position of the Nador site are favorable to pc-Si technology because
its production is better than that of mc-Si and a-Si.
- The energy produced in spring is maximum; however, the rest of the year it does not undergo significant
attenuations (does not exceed 30%).
- The efficiency of the installation depends initially on the irradiation received at the level of the rows of panels
and secondly on the ambient temperature. The mc-Si and pc-Si panel arrays have equivalent and higher outputs
than a-Si.
- In the event of bad weather (opaque clouds, rain, etc.) production is greatly reduced (approximately 20% of
production in good conditions).
- The yields of pc-Si and mc-Si technologies are almost the same 15% but better than those of a-Si technology
9% (winter) and 10% (summer).
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Figure 11: Daily power production in winter and summer.

- Production of pc-Si starts earlier in the morning than the other two technologies. The other mc-Si and a-Si
technologies are slow to start production in the morning.
Of all the above findings, pc-Si technology is the most favorable in the climatic conditions of the province of

Nador. We therefore recommend the use of pc-Si technology rather than the other two for the province of
Nador.
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Figure 12: Monthly power production for the Figure 13: Monthly power production with PVsyst
three technologies predictions for the mc-Si technology.
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Figure 14: Daily efficiency for the three technologies in winter and summer.
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