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This work is based on a comparative study of the impact of meteorological
conditions as well as the assessment of the production performance of two
identical photovoltaic stations installed in two Moroccan cities, the stations
are based on three different technologies. The measures of one year of
operation from January 2017 to December 2017 were evaluated. The annual
average performance ratios were found to be 82.42%, 79.99% and 78.74% in
Beni Mellal, and 85.29%, 84.61% and 70.41% in El Jadida for the
polycrystalline (pc-Si), monocrystalline (mc-Si), and amorphous (a-Si)
respectively. The photovoltaic efficiency was calculated at 12.24%, 11.89%,
and 11.71% in Beni Mellal; and 12.59%, 12.49%, and 10.42% in EIl Jadida
by the same order. Statistical analysis was carried out to establish the
correlation with photovoltaic (PV) production showed that after irradiation,
the temperature is the most influencing meteorological factor for PV
production, revealing a degradation in the performance ratio of 2.5%, 2%,
and 1% for each increase of 8 °C in temperature for monocrystalline,

polycrystalline and amorphous technologies respectively at Beni Mellal.
While at El Jadida the reduction in the performance ratio is evaluated by
5.5%, 5.2%, and 3% for each 8 °C increase in temperature for the same
order.
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1. INTRODUCTION

Solar energy in Morocco is a critical economic subject consistent with sustainable development. The
risks are consequently doubly high, agreed with the unrestrained growth in the costs of traditional energies,
which are having a negative influence on the environment. With 3,000 hours of sunshine per year and an
average irradiation of more than 5 kwWh/mz2, Morocco has considerable solar potential. The country intends to
massively take advantage of this clean and inexhaustible energy. It is increasingly asserting itself as an
investment destination in the clean energy sector.

In this logic the project "Propre.ma" thrown, is an ambitious program at a national scale financed by
research institute for solar energy and new energies (IRESEN), linking all the Moroccan public universities
in 20 cities for the development of a mapping of the photovoltaic producible in Morocco. Currently, research
in the arena of photovoltaic solar energy is increasingly dynamic. Besides, most studies focus on refining the
conversion of solar radiation into electrical energy [1]. In general, there are several technologies of
photovoltaic cells, the most dominant by 97% in the world in 2018 [2], and which represents the best
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performance is that based on crystalline silicon, barely the amorphous silicon which is part of the thin films
becomes more and more competitive with crystalline silicon under certain weather conditions (more details
on photovoltaic technologies in [3]).

The environmental conditions under which the photovoltaic modules are called upon to operate in
real conditions (temperature, humidity, wind, irradiation, and dust) must be taken into account given their
crucial impact on photovoltaic production [1], [4], [5]. Particularly in Morocco, which is characterized by a
climate conditions placing the photovoltaic systems during their most operating time outside the standard test
conditions (STC): corresponding to a temperature of 25 °C and sunshine of 1000 W/m?; consequently, this
makes the evolution of the performance of modules increasingly problematic. For this purpose, several works
have taken this sense of study to always remind us to pose this issue [6]-[8].

Nour-eddine et al. [9] worked on the same kind of our present work on a PV installation similar to
those used here, all within the framework of the “Propre.ma” project; The results showed that the
performance ratio of p-Si (polycrystalline) technology is higher compared to that of m-Si (monocrystalline)
technology during the hottest months of the year, which explains the impact of temperature on the PV
production. Roumpakias and Stamatelos [10] studied the deterioration of PV efficiency and deviations from
STC conditions, using data from a grid-connected photovoltaic park of 99.84 kWp in central Greece. This
study was performed for a three-year period (from 2013 to 2015). The results extracted from these studies
showed that the efficiency of PV modules during the two primary years was found to be higher than the STC
conditions, while during the third year, a slight decrease in efficiency compared to the STC conditions has
been registered. However, the behavior of PV efficiency decreases over time. Jed et al. [11] presented a
performance assessment of a 954,809 kWp photovoltaic plant of micro-amorphous silicon situated in
Nouakchott, using one-year data of operation from September 2014 to August 2015, the authors find as
results that the photovoltaic array performances rest on both illumination and climatic conditions, whilst
wind speed variation does not influence those energies.

Al-Addous et al. [12] presented a performance evaluation work of an off-grid PV system in Jordan
valley in which a four-year historical meteorological database was used for the development of a model to
estimate the effect of temperature on electricity production. Indeed, with prior knowledge of the site which is
characterized by a high temperature, the results denote that the PV efficiency is strongly affected by the
increase in temperature, and thanks to a cooling system, the authors observed a nearly 2% improvement in
efficiency in different radiation modalities. Elibol et al. [13] applied performance tests on a PV plant installed
on the roof of the scientific and technological research and application center of Diizce University (DUBIT)
in Duzce province, Turkey. Among these tests, the authors carried out an examination of the variations of the
panels energy conversion efficiency according to the temperature; the results of this examination showed that
when increasing the temperature by 1 °C the efficiency of pc-Si and a-Si technology increases by 0.033%
and 0.029% respectively, while the efficiency of mc-Si technology decreases by 0.084%. Daher et al. [14]
presented a research work in which the impact of tropical desert maritime climate on the performance of a
PV grid-connected power plant was analyzed, the results show that the average PR for PV arrays and the
global grid-connected system was found to be 90% and 84% respectively, while the monthly average daily
PV module efficiencies of 12.68%. from these results, the authors deduce that the ambient temperature has an
impact on the performance ratio, estimated by a decrease of 0.7% for each increase of 1 °C in the daily
ambient temperature. In the literature many works are used performance indicators such as performance ratio,
capacity factor, final yield to analyze the performance of PV plants [15]-[17]. Other analyzed the impact of
meteorological conditions in their PV plant [18]-[20].

This paper aims to compare the evaluation of energy performance and to analyze. The impact of
environmental conditions on monocrystalline, polycrystalline, and amorphous photovoltaic modules under
the climate of Beni Mellal and EIl Jadida cities (in Morocco). This performance analysis is made up based on
the international energy agency norms (IEA) [21].

2. PV PLANT DESCRIPTION

The photovoltaic plants of Beni Mellal and El Jadida were installed on the rooftop of the Faculty of
Sciences and Techniques shown in Figure 1 and the Faculty of Science shown in Figure 2 respectively. Each
station generates in totality 6 KWp where 2 kWp produced by each silicon technology (monocrystalline (mc-
Si), polycrystalline (pc-Si) and amorphous (a-Si)). All descriptions of the plants will be found in [1],
[22]-[24]. In addition to the photovoltaic system, the plants also consist of similar weather stations in each
city described briefly in [25].
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Figure 1. Beni Mellal PV plant Figure 2. El Jadida PV plant

2.1. Site of PV plants

Table 1 summarizes the geographical coordinates and the value of certain meteorological parameters
of the two different cities where the photovoltaic installations are located. Beni Mellal city has a very hot dry
climate in summer and very cool in winter, while El Jadida is characterized by a Mediterranean climate that
is also hot in summer and cool in winter. According to the Koppen-Geiger classification [26], the climates of
both cities (Beni Mellal and El Jadida) are classified as Csa type. However, by comparing the average
temperatures of the two cities we see that Beni Mellal has a very hot climate in summer and also very cool in
winter compared to El Jadida which will influence the production yield in both locations. Figure 3 shows the
Moroccan map with the geographic locations of PV plants in the cities of Beni Mellal and El Jadida [27], [28].

Table 1. Geographic coordinates, mean temperature and global horizontal irradiation of cities

Beni Mellal El Jadida Beni Mellal
Latitude 32°20° North ~ 33°14” North
Longitude 6°21” West 8°30” West
Average temperature 23,47 21,67
Overall horizontal Irradiation (kWh/m?/year) 2392,87 2268,81

Figure 3. Moroccan map with geographic locations of the PV plants

3. PERFORMANCE INDICATORS
3.1. Energy production

Monthly energy production is the amount of energy that a PV system can produce in each month of
the year. It is considered as the main parameter in the performance evaluation of PV systems. This parameter
is also used to assess the degradation of PV modules.

3.2. The reference yield (Yr)

The reference yield Yr is the total solar radiation in the plane Ht (kWh/m2) divided by the PV’s
reference irradiance GO (kW/m2). It represents the number of hours of which the illumination is equivalent to
the reference irradiance. The Yr defines the solar resource for the PV system. It depends on several criteria
such as the orientation of the photovoltaic modules, the location, and variability of weather conditions
depending on the time.
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3.3. The final yield (Yf)

The final yield of the PV system Yf, is the net energy Eg (kWh) produced by the PV system,
divided by the nominal power PO (kWp) of the installed photovoltaic module. This quantity represents the
number of hours during which the photovoltaic system operate at its nominal power. Reads as (2).
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3.4. Performance ratio

The performance ratio (PR), is an essential parameter to assess the quality of the PV installation; it
makes it possible to quantify the performance of the photovoltaic installations. It shows the relationship
between theoretical energy and real energy generated by a PV system. The performance ratio is a humber
between 0 and 100% (or O and 1). The closer it is to 100% (or to 1), the more efficient the installation is,
from an electrical point of view. Considering that every photovoltaic installation is unique while losses
cannot be avoided, an installation with a performance ratio of up to 80% is considered to be a high-
performance PV installation. The PR is expressed as (3).
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3.5. Array yield (Ya)

The array yield, defined as the ratio between the total energy produced by the photovoltaic generator
(EDC) during a distinct period (day, month or year), and the nominal power of the PV system PO. It
represents the number of hours during which the PV panel needs to operate at its nominal power. The (Ya) is
expressed as (4).

EDC
Ya= To (4)
3.6. Energy density
The energy density (ED), is an indicator used in the choice of solar photovoltaic technologies. ED
represents the energy produced by a solar photovoltaic system in a period of time (month and year) per unit
area of modules [21]. It is measured to be aware of the optimization of the space available for electricity
production by the PV plant.

_ EDC
ED="> (5)

Am: is the total area of the module plane.

3.7. Capacity factor

The capacity factor CF, is an indicator measured to represent the energy generated by a PV system.
It is defined as the ratio of actual monthly energy output to the quantity of energy the PV system can deliver
at its rated capacity for 24h per day during the month. The CF is expressed as (6).

_ Yf(monthly)
CF=—mn ©)

N: Number of days during each month.

3.8. PV efficiency

PV efficiency remains the efficient energy produced by a PV module in terms of available radiation,
it tells us how effective a solar panel is in transforming irradiance into useful electricity through the
photovoltaic effect. PV efficiency described as the ratio of the energy production to the product of the surface
area and the irradiation received on the surface of the PV modules. The PV is expressed as (7).

EDC

hpy = —— )
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4. RESULT AND DISCUSSION
4.1. Correlation analysis

To find out the meteorological parameter most influencing the photovoltaic production in the two
cities, we studied the correlation between the meteorological parameters (irradiation, temperature, wind
speed and humidity) and the energy produced (EAC). Figures 4 and 5 show the results of this correlation
represented in the form of two correlation matrixes found by analyzing -using python programming- the
meteorological and production data of the two installations (Beni Mellal and El Jadida, respectively) on
which we observe that: Irradiation is still the parameter most correlated with production for the three
technologies of the two installations in the two cities, which is logical since the panels can only operate with
a solar radiance. The second parameter that influences production is the temperature also for the three
technologies in the two cities. The temperature influences the performance of the panels in a more or less
uneven way for each installation (Beni Mellal and El Jadida). Wind speed is the third parameter influencing
photovoltaic production followed by humidity, which is considered as the last parameter influencing
photovoltaic production.
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Figure 4. Correlation matrix of Beni Mellal PV plant
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Figure 5. Correlation matrix of El Jadida PV plan

From these results, it was agreed for the three technologies of the two installations that the order of
the correlation with the EAC production is as follows: i) irradiation, ii) temperature, iii) wind speed, and iv)
humidity. From the results of the final yield YF, it can be observed that polycrystalline technology is the
most beneficial in Beni Mellal, followed by monocrystalline technology while amorphous represents the

Performance comparison and impact of weather conditions on different photovoltaic ... (Caocuthar Bahanni)




1280 O ISSN: 2502-4752

leastefficient technology among those three. These results briefly explain the order of the correlation between
the energy produced EAC of the three technologies and irradiation. Indeed, irradiation represents the first
factor influencing the production of electricity by PV panels [29], although it is obvious that it is the first
parameter correlated with PV production, that is to say, it is obviously logical that there will be a decrease in
PV production with the decrease in irradiation and vice versa. Indeed, temperature is the second parameter
that influences PV production for the three technologies. From the results we see that the ambient
temperature induces a noticeable effect on the photovoltaic production, this is explained by the great
influence of the ambient temperature on the panels temperature and therefore of the photovoltaic cells. In
fact, it appears that more the temperature of the cell increases, more the power of the latter decreases,
because the temperature of a photovoltaic cell affects its voltage and the power of the cell being equal to the
product of the current and the voltage. On top of that, the wind speed is considered as the third parameter that
influences photovoltaic production. Although the wind speed does not have a big influence on the
production, but it has a more or less important role in the cooling of solar panels and therefore the
improvement of the production. Lastly, we can observe that the increase in the air humidity rate generates
frequent cloud cover formation and lasting, thus, making the control of the electricity production by solar
panels delicate and more difficult, nevertheless this influence is not crucial, which make humidity turns out to
be the last parameter that influences photovoltaic production.

4.2. Impact of weather conditions
4.2.1. Irradiation

Figures 6 and 7 represent the impact of irradiation on the photovoltaic production of the three
technologies in the two cities (Beni Mellal and EI Jadida) respectively. The results show that the irradiation
always follows the same behavior of the PV production for the three technologies, this shows the great
irradiation impact on the PV production, and however, the pc-Si technology represents the technology most
influenced by the irradiation while the a-Si is the least influenced in the two installations.
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Figure 6. Monthly solar irradiation with monthly Figure 7. Monthly solar irradiation with monthly
energy production in Beni Mellal energy production in El Jadida

4.2.2. Temperature

Figures 8 and 9 show the influence of temperature on the photovoltaic production of mc-Si, pc-Si
and a-Si technologies in Beni Mellal and El Jadida respectively, in both figures we observe an inverse
behavior of temperature with respect to production photovoltaic, because the rise in temperature always
coincides with the decrease in production and vice versa.

4.2.3. Wind

The Figures 10 and 11 represent the impact of wind speed on photovoltaic production in Beni Mellal
and El Jadida [29] respectively. It is outstanding that most of the time the curve of the wind speed follows the
same path as those of the production of the three technologies in the two cities, this explains the proportional
correlation of the wind speed with the photovoltaic production for the three technologies under the two
antagonistic climatic conditions.
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4.2.4. Humidity

Figures 12 and 13 show the impact of humidity on photovoltaic production in Beni Mellal and El
Jadida [29] respectively. The results depicted in the figures show that the humidity has an inversely
proportional relation with the production of the solar panels for the three technologies in both locations since
it generates cloud covers, as well as generates water grains under the glass of the panels which avoid sunlight
to reach solar cells.
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Figure 12. Monthly energy production with humidity ~ Figure 13. Monthly energy production with humidity
in Beni Mellal in El Jadida
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4.3. Performance analysis
4.3.1. PV plant production and final yield (Yf)

In Figure 14 a comparison of the monthly photovoltaic energy produced in both cities (Beni Mellal
and El Jadida) between the three technologies has been illustrated. The pc-Si in the two cities seems to be the
most efficient type of technology compared to other technologies (mc-Si and a-Si). The annual energies
injected into the gride by the pc-Si, mc-Si and a-Si photovoltaic plants in Beni Mellal were recorded
respectively by 3652 kWh, 3542 kWh and 3491 kWh, while in El Jadida, were recorded in the same order by
3803 kWh, 3773 kWh and 3149 kWh. We deduce from these results that the pc-Si and mc-Si plants in El Jadida
produce better than those in Beni Mellal, despite the fact that Beni Mellal is more irradiated than El Jadida. This
contradiction can be explained by the high-temperature impact on the performance of crystalline silicon PV
modules. In contrast, a-Si technology produces more in Beni Mellal than in El Jadida, taking advantage of the
strong irradiation and the fact that it is less sensitive to high-temperatures than crystalline technology.

The monthly average variation final yield is depicted in Figure 15. The monthly average final yield in
Beni Mellal varies between a minimum of 4.30 h/day, 4.12 h/day and 4.04 h/day (in November) to a maximum
of 5.53 h/day (in April and September), 5.37 h/day (in April) and 5.40 h/day (in July) for polycrystalline,
monocrystalline and amorphous technologies, respectively. While in El Jadida the monthly average, final Yield
varies between a minimum of 4.03 h/day, 4.01 h/day and 3.22 h/day (in February) to a maximum of 6.05 h/day,
6.04 h/day and 5.02 h/day (in April) for polycrystalline, monocrystalline and amorphous technologies, in the
same order. From these results, it can be noted that the final yield values recorded are often high at El Jadida
compared to Beni Mellal except in January and February due to its low incident solar radiation (Figure 6 and
Figure 7) and the effect of temperature (Figure 8) which is raised in Beni Mellal.
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Figure 14. Energy production in El Jadida and Figure 15. Monthly energy production with humidity
Beni Mellal in El Jadida

4.3.2. Monthly energy density (MED)

Figures 16 and 17 show the MED of the mini-plants studied (Beni Mellal and El Jadida
respectively). The MED of the a-Si installation in Beni Mellal varies from 12.69 to 17.76 kWh/mz2, whilst in
El Jadida the MED of this technology varies from 9.93 to 16.04 kWh/m2 during the considered year. For pc-
Si and mc-Si installations, the MED varies from 19.04 kWh/mz?, 18.30 kWh/m2 in Beni Mellal to 25.29
kWh/mz, 24.65 kWh/mz2 respectively; and from 17.39 kWh/mz, 17.32 kWh/m2 in El Jadida to 27.03 kWh/m2,
26.96 kWh/m2 in the same order. A high value of energy density (ED) indicates better land use. From the
results, it should be noted that for the two cities, pc-Si installations have the best ED, followed by mc-Si
while a-Si represents the lowest ED value among the three technologies, this low value for the a-Si
technology can be explained by the low level of general efficiency of the a-Si modules.

4.3.3. Performance ratio (PR)

Figures 18 and 19 illustrate the monthly performance ratio (PR) assessment. The annual average
values of the performance ratio for pc-Si, mc-Si, and a-Si respectively are 83%, 80%, and 79% in Beni
Mellal, and 85%, 84%, and 70% in EL Jadida in the same order. The highest RP values for pc-Si in Beni
Mellal were recorded in January by 85%, while for mc-Si and a-Si, the high values were observed in
December by 82% and 80% respectively, however the highest values in El Jadida were observed for a-Si in
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May by 76%, and for pc-Si and mc-Si in April by 90% for both. The results of the pc-Si and mc-Si
technologies in Beni Mellal can be explained by the drop in temperature, which contributes to the
minimization of capture losses, whereas the temperate climate and the high radiation intensity of El Jadida
help it to produce better and therefore to have a better performance ratio. Nevertheless, during the warmer
months, the amorphous silicon (a-Si) PV plant appears to be the least influenced by the high temperature.
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4.3.4. Capacity factor (CF)

Figure 20 represents the capacity factor for tow PV plants, according to the results shown in this
figure, the highest value of capacity factor in both cities have been recorded by pc-Si, with 7.08% and 7.57%
followed by mc-Si with 6.90% and 7.55% then a-Si with 6.97% and 6.30% for Beni Mellal and El Jadida
respectively. Furthermore, for both pc-Si and mc-Si, El Jadida has been registered the highest values of CF
except in January and February wherein Beni Mellal which recorded the highest values, while for a-Si Beni
Mellal presents the highest values during all year.

4.3.4. PV efficiency

Figures 21 and 22 represent the efficiency of the photovoltaic modules at Beni Mellal and El Jadida
respectively. Based on these findings, pc-Si technology denotes the most effective one of the three
technologies in both cities, the efficiency values of pc-Si modules, range from a minimum of 11.86%
recorded in July to a maximum of 12.62% reached in December in Beni Mellal, though in El Jadida, this one
varies between 12.01% registered in February and 13.03% recorded in June. For mc-Si technology, the
values range from 11.56% to 12.23% in Beni Mellal, and from 11.96% to 13.02% in El Jadida. While a-Si
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technology registered a percentages of PV efficiency vary between 11.39% and 11.92%, and between 9.38%
and 11.09% in Beni Mellal and EI Jadida respectively.
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Figure 20. Evolution of monthly capacity factors in El Jadida and Beni Mellal PV plants
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Figure 21. PV efficiency by module technology in Figure 22. pv efficiency by module technology in El
beni Mellal Jadida

5. CONCLUSION
In this work, a comparative evaluation of two mini-grid-connected PV plants based on three silicon

technologies (polycrystalline, monocrystalline and amorphous), under Beni Mellal and El Jadida (Morocco)
climatic conditions is carried out. Whether in terms of RP or PV efficiency, the most performant technology
for power generation is pc-Si, as it always presents the best results in both cities’ installations despite their
antagonistic character in terms of climate. Overall, we see that regardless of the indicator used to compare the
performance of two PV plants, El Jadida always produces better than Beni Mellal, even though Beni Mellal's
solar irradiation is better than El Jadida, that is to say solar irradiation alone is not sufficient to conclude the
photovoltaic productivity in a given location, the ambient temperature and irradiation are both extremely
important to determine the solar cells behavior. nevertheless, even if the results represent direct correlations
between production and wind speed and conversely between production and humidity in the two cities, these
two parameters (humidity and wind speed) turn out to have less impact on photovoltaic production. However,
the obtained results show that the ambient temperature has a greater impact on the mc-Si than on the pc-Si.
Nevertheless, a-Si is the least technology that influenced by temperature. These results can absolutely offer
beneficial information to managers and investors for an appropriate choice of module technology with

considering site conditions.
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