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ABSTRACT:The development of solar photovoltaic faces some difficulties in West African countries: the high
cost of kwW/h produced and the long duration of return on investment. To that, there are some installation and
operation aspects of PV modules. In terms of installation, the incline plays a predominant role in the efficiency
of a field photovoltaic. Indeed, the modules being fixed, it is, therefore, necessary to find the right one incline so
that they can capture the most solar energy every day. In terms of operation, PV modules need to be exposed to
outside in order to operate under the most possibility of direct sunlight. Such equipment is therefore subjected to
a natural climatic condition causing a great impact on its performance. This article deals with the influence of
the operating parameters (optimal tilt and dust deposits) of PV modules in view of their improvement in West
African countries such as Mali. After the choice of the cleaning by cloth and the different inclines of the modules
studied, the experiments were developed during the month ofapril-may-june, 2017. The results showed a
reduction of PV modules from 4 to 14% of their efficiency due to the accumulation of dirt on their capture
surface. In addition, the study reveals an impressive result: a simple cleaning can save us about 140
FCFA/m’/month. Similarly, comparing the outputs of the PV modules for different inclinations it emerged that
the optimal angle of inclination of the modules is slightly higher than the latitude of the study’ s place (about
15 °).
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I. INTRODUCTION

Currently, the majority of the population of West Africa lives in small scattered villages. These
countries have very low electrification rates, particularly in rural areas where electrification is even non-existent.
This fact is even one of the causes of the rural exodus and the massification of the big cities[1]. The rural
electrification network is virtually non-existent, leaving the supply of decentralized mechanical and electrical
energy (especially solar energy) the only choice available. In general, the possibilities of exploitation of these
solar resources are promising because these countries have abundant solar resources and they also have large
places for the implementation of solar installations. The real life of the solar module performance status in these
areas is very complicated and various. This is why any initiative in this sector must begin with a good
knowledge of the environment and its dynamics. It must also take into account the climate and the different
natural conditions[2].

Some investigations have indicated that climate conditions have an important effect on the yield of
solar panels [2]-[7]. Moreover, studies by Boyle et al. [8]in Colorado, and byHegazy[9] in Egypt, attested that a
build-up of dust substantially touches the efficacy of solar modules.

Several processes of yield improvement of solar modules have been proposed by RupaliNazar[10].
Some studies have shown that the parameters such as the installation tilt[11], the prevailing wind direction, the
site, pressure, viscosity of the surface and the time for which the modules are exposed in the environment, are
connected to the density of dust accumulated on the surface of the modules[12], [13]. Likewise,Goossens and
Van Kerschaever[14]have shown that elevated wind velocities can expand a build-up of dust on module surfaces.

Else studies on the impact of temperature variations on the particle deposit way on solar PV modules
have been performed[15], [16]. Gholami et al.[12]gave a correlation between the density of the dust surface and
the reduction of the transmission coefficient.
Solar modules are subjected to an environment occasioning multiple sources of pollution and fouling. Among
the most common, we can mention industrial pollutants, car pollution, acid rain, pollen, dust, sand, tree leaves,
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foam, mushrooms, marine salts, limestone and others. In addition, to driving their yields down, some pollutants
can lead to premature wear of the modules by generating intense heating phenomena via the "hot spot"
effect[17]. Under the effect of corrosion, aluminum profiles attack glazed protective surfaces. These then
become rough and opaque, which therefore has a negative effect on the production yield[5], [18].

This article seeks to contribute to industrial innovation in the field of solar energy for a rational production and
an efficient use of electric energy in West African countries. However, two fundamental aspects of the operation
of PV modules deserve to be studied more precisely: dust deposits (very important in Sahelian climate), and the
incline of solar installation in these zones.

This paper focuses on investigations of a precise determination in terms of thecurrency of the energy
losses generated by the dust deposits on the surface of the PV modules and an optimal inclination making it
possible to maximize the production of energy of solar modules.

A specific experimental study on optimal inclination to maximize production of energy modules in
Mali and around is presented in the first section. The second section is dedicated to an experimental
investigation, particularly based in Mali, of dust deposits on the surface of PV modules. Finally, the paper
presents an economic study on the cleaning of photovoltaic modules in this country.

Il. RETURN ON EXPERIENCE ON THE STUDY OF THE INFLUENCE OF INCLINATION AND
DUST DEPOSITS ON THE PERFORMANCE OF SOLAR MODULES
2.1 Problematic of Modules Cleaning
Fouling of photovoltaic modules is a real obstacle to maintaining production performance; it is even the

main reason for the decline in their yields. Table 1 shows a bibliographic summary of module cleaning. A

common solution to this problem is a manual and periodic cleaning of the installations by application of water.

This usual method is certainly effective, but several disadvantages can however emerge:

i. A first problem concerns the waste of water; indeed, photovoltaic power stations (several hundreds of
thousands of modules spread over a few hundred hectares) are regularly established in desert areas, thus
promoting optimal sunshine. Unfortunately, such implantation zones have the disadvantage of accelerating
the phenomena of fouling by sand and dust. Maintenance operations are therefore regular and require
significant amounts of water for cooling and the complete cleaning of the plant, quantities of water that are
rare in dry or desert areas.

ii. Micro-scratches can appear over time on the surfaces after rubbing on sand grains. The consequences of
these micro-scratches are radical since they can change the optical properties of the material, by modifying
the reflection and transmission characteristics, particularly.

iii. Regular cleaning operations required to maintain the performance of PV modules can be expensive because
it requires the intervention of a technical team to monitor the technical equipment for cleaning. This can
significantly impact the economic depreciation period for the system.

2.1.1 Natural disposal of dust

Wind energy, gravitation and rainwater can contribute naturally to the cleaning of solar modules. This
method often causes changes in position (vertical or oblique) of the solar cell array to remove dust. However,
this rotation is very difficult or even impossible for large photovoltaic networks.

2.1.2 Basic principle of cleaning with a cloth

To clean the solar panels we need a bucket filled with soapy water, a dry cloth and a rubber squeegee.
Wash carefully the surface of the panel with soap and a cloth to remove dust, debris and water stains. Then a
squeegee is used to remove excess water. During cleaning, an inspection is made on the surface of the panels to
detect cracks or parts at risk of detachment. This inspection will allow us to call the manufacturer or a technician
in case of damage to the panel. The advantage of this method is that it is simple, less expensive and the
disadvantage is that it is painful for large areas, significant use of water resources.

2.1.3 Emerging technologies for cleaning solar modules

In order to solve the problems related to the two previous methods and offer performance gains to solar
modules some alternatives to conventional cleaning have emerged: the cleaning method based on the principle
of photocatalysis and the method of cleaning by electrostatic field[19]-[22].

The main actor of the phenomenon of photocatalysis is the photocatalyst which, by definition, is a
catalyst that is active under the action of light rays[23]. The photocatalyst, exposed under a light source,
generates highly oxidizing molecules that react directly by oxidation-reduction with organic compounds or
polluting gases (NOX) present on its surface to decompose them completely[23], [24].

In addition, to maintain correct operation of the photovoltaic system especially in entrenched locations
and away from homes where maintenance is more difficult and especially where the lack of water is important,
we can use the cleaning process by electrostatic field[25]. Dust particulates are drawn to solar modules because
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of electrostatic constraints. These dust particles thus loaded are finally subjected to repulsive electrostatic forces.
However, the effect of rain on the earth makes the application of this method difficult[26].

2.1.4 Robots for cleaning solar modules

Robots mounted on rails along the modules, clean with a brush (and, or suck the dust) without using
water[10][27].They have the advantages of not using water, reduce maintenance costs, can clean a very large
area in a short time and can be used in very remote places and at very high temperatures. The use of this method
can make investment costs very high (a factor that may discourage their use, especially in West Africa).

2.1.5 Self Cleaning method

Initially intended for space missions, it is a technique that uses an electrical charge that sends a wave
repelling dust on the surface of the module. Effective in large installations, short execution time and reduction of
maintenance costs but high costs of investment[28][29].

Table 1 Bibliographic summary of module cleaning

Cleaningprocesses Description Advantages disadvantages References

painful for large areas;
significant use of

Wash carefully the water resources
Basic principle of surface of the panel Simple and less (especially in desert
cleaning with a with soap and a cloth expensive; It can areas);indirect [2], [4], [30],
cloth to remove dust, debris avoid yield losses degradation of the [31]
and water stains surface of the modules

(appearance of micro-
scratches under the
effects of friction)

Applied in a single

spray, It reacts by Makes solar panels may present health
Cleaning by oxidation-reduction completely self- risks because of
photocatalysis with organic cleaning; Avoids probable toxicity of [19], [22]
compound or polluting | yield losses; reduces photocatalyst (TiO,
gas maintenance costs titanium dioxide)
Avoids yield losses;
Cleaning by Creation of repulsive reduces maintenance
Electrostatc electrostatic forces costs; used in The effect of rain on [20], [21], [25],
field between dust particles | entrenched locations the earth makes the 26
and solar modules and away from application of this
homes and where the method difficult
lack of water is
important

Clean a very large

Cleaning by Robots clean with a area in a short time;
using robots brush (and, or suck the can be used in very Very high investment [10][32]
dust) without using remote places and at costs.
any water. very high

temperatures; reduce
maintenance costs

Self- use an electrical reduce maintenance
cleaningmethod charge to send a wave costs; effective in High costs of
repelling dust. large installations; investment [28][29]

short execution time

2.3 Optimum tilt of solar modules

In order to optimize the irradiation of the direct and diffuse radiation received by the sensors, better
capture the sun and produce a maximum of energy, the inclination and the orientation of the solar panels are of
enormous importance[33], [34].The electronically controlled tracking system and the periodic variation of the
angle of inclination remain the methods used for the inclination of the solar panels.

The electronically controlled tracking system remains a expensive realization for increased efficiency
and it is useful in days of light sky and useless when the sky is clouded over[35], [36]. In general, these systems
can be less resistant to the Saharan environments under very hostile weather conditions, very frequent
sandstorms with very high levels and temperature gradient that can easily damage the electronic controls.

The cheapest and most practical method is the periodic variation of the angle of inclination. In West
African countries and more generally in the entire northern hemisphere, photovoltaic modules produce the
maximum electricity with a southern orientation.
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I11. PRACTICAL EVALUATION OF THE EFFECT OF DUST DEPOSITION AND INSTALLATION
INCLINE ON THE YIELD OF PHOTOVOLTAIC MODULES

3.1 Investigation place

A landlocked and Sahelian country located at the belt of West Africa, Mali extends between the 10"
and 25" degrees of north latitude and between the 4™ degree of longitude east and 12" of longitude west and
covers an area of 1,241,238 km?.It shares 7 420 km of borders with 7 neighbouring countries: Algeria in the
north, Niger and Burkina Faso in the east, Cote d'lvoire, Guinea in the south, Mauritania, and Senegal in the
west(Figure 1). The population, amounting to more than 18.9 million inhabitants in December 2017, is
predominantly rural. The population density is 15.20 inhabitants per km? and the annual population growth rate
is about 3.36% per year [37]. An important rate of Malian population, mainly rural, lives in the absence of
electricity. It is a sunny country: the average annual duration of sunstroke varies between 2.700 hours in the
extreme south and more than 3 800 hours in the north of the country, in the desert, its geographical location
allows a high potential of solar energy: this country has a very significant solar energy potential. The average
sun's rays, correctly allocated on the national territory, is evaluated at 5-7 kWh / m? / day with a quotidian
sunlight period of 7 to 10 hours [38]. Solar installations are especially proper for providing electricity to
populations in faraway and isolated zones. Unfortunately, the deposition of dust on PV modules and their poor
orientation can reduce the power generated and cause degradation of PV performance.

Bamako (capital city of Mali)is located on the riversides of the Niger River and extends from west to
east over 22 km and from north to south over 12 km, covering an area of 267 km?It is at Badalabougou, a
district of Bamako, in the courtyard of the Faculty of Science and Technology (FST) that our present study was
conducted.
The southern orientation is the best orientation in Mali (northern hemisphere) for a photovoltaic module. It is
with this orientation that it will produce the maximum of electricity. The inclination of the modules being
related to the latitude of the considered place hence an inclination around 12 ° for the modules of Bamako and
surroundings (the latitude of Bamako is 12 ° 38 '00 "north).
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Figure 1 (a) West Africa Map and (b) Mali Map

3.2 Experimental setup

Experiments have been carried out to study the effect of dust deposition and the installation incline on
the yield of PV panels. Measurements were made during periods (April-May-June) in 2017. Parameters such as
illumination (Is) on the module plane, short circuit current (Icc) and open circuit voltage (Uco) have been
measured.

For the study of the optimal tilt, two identical photovoltaic modules (0.7*0.45 m) were mounted on
different supports facing south(Figure 2). The module N°1 was, throughout the experiment, inclined at 15 °
while the inclination of module N°2 was varied(0 °, 5 °,10°, 15°, 17 °, 20 ° and 25 °).
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Figure 2 Study of Optimal Tilt: Experimental Setup

And for the study of dust deposits, two identical photovoltaic modules (1.40*0.70 m) were mounted on
different support inclined at 15 ° and facing south. Module N°1 was cleaned every morning with a volume of 2
litres of water each day while the module N°2 was never cleaned during all the duration of the
experiment(Figure 3).
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Figure 3 Study of Dust Deposit: perimental Setup
The measurements were done every day and every 2 hours between 8:00 and 16:00.

3.3 Results
3.3.1 Study of the Optimal Tilt

The choice of the optimal tilt of the solar panel is a very important step in the dimensioning of
photovoltaic generators. The supports can be fixed or mobile with theoretical values of the angle of inclination,
our study seeks to evaluate in comparison with various positions, the optimum inclination for a fixed support
panel in a Sahelian climate.

The following table (Table 2) groups together the values of the daily average powers measured in Watt
of the two photovoltaic modules and for the different values of the inclination of module N°2, module N°1
being fixed (15 °). Likewise, the table gives the quotidian average values of the open-circuit tension (Uco) and
the shortcut current (Icc).
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Table 2 measurement results for different inclinations

Module N°1 Module N°2
Tilt
Jour 15° 0°
Average short- Average open Average Average Average open Average
circuit current circuit voltage (V) Power (W) short-circuit circuit voltage (V) Power
(A) current (A) (W)
2.57 18.89 485 2.64 18.37 475
24/04/2017
25/04/2017 2.43 18.75 45.64 2.32 18.14 42.08
26/04/2017 2.42 18.78 45.45 2.26 18.50 41.81
27/04/2017 2.50 18.80 47 2.36 18.20 44
28/04/2017 2.60 18.84 49 2.29 18.5 435
Tilt
15° 5°
2.15 18.96 43 2.19 18.91 415
02/05/2017
03/05/2017 2.58 18.98 49 2.54 18.90 48
04/05/2017 2.4 19.5 46.8 244 19.05 46.5
05/05/2017 2.55 19.02 48.5 2.55 19.02 48.5
08/05/2017 2.60 19.27 50 248 18.98 47
Tilt
15° 10°
2.57 18.89 48.5 25 18.80 47
09/05/2017
10/05/2017 2.60 18.84 49 2.52 19.04 48
11/05/2017 2.44 19.27 47 231 19.74 45.6
12/05/2017 2.50 195 48.6 2.03 18.90 48
15/05/2017 2.60 19.02 49.5 2.77 19.02 48.5
Module N°1 Module N°2
Tilt
Jour 15 120
Average short- Average open Average Average short- Average open Average
circuit current circuit voltage Power (W) circuit current | circuit voltage (V) Power
(A) () (A W)
2.06 18.45 38 1.98 18.15 36
16/05/2017
17/05/2017 2.10 19.05 40 1.97 19.24 38
18/05/2017 2.29 18.36 42 2.08 18.75 39
19/05/2017 2.24 18.98 425 2.16 18.50 40
22/05/2017 2.58 19.16 49.5 2.50 18.79 47
Tilt
15° 17°
2.39 19.06 455 221 19.01 42
23/05/2017
24/05/2017 2.57 18.95 49 2.27 18.98 43
25/05/2017 2.43 18.90 46 2.10 19.02 40
26/05/2017 2.52 19.03 48 242 18.56 45
30/05/2017 2.22 18.89 42 2.15 19.05 40
Tilt
15° 20°
2.57 18.89 48.5 2.16 18.56 40
01/06/2017
02/06/2017 2.42 19.02 46 2.16 18.96 41
05/06/2017 2.43 18.50 45 1.98 19.02 38
06/06/2017 2.39 18.70 44.6 2.05 18.98 39
07/06/2017 2.27 18.98 43 2.13 19.01 40.5
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Figure 4 Evolution of Daily Average Power for Comparative Study of Optimal Tilt

Comparing these daily average powers of different tilts(Figure 4), we note that with a tilt greater than
15 °, the module becomes much less efficient. It loses even a large amount of energy compared to the module
inclined at 15 °.Moreover, with tilts less than 15 °, the module remains powerful but not like the 15 ° inclined
module. These results also indicate that with a tilt of 15 ° the module is still more efficient than the theoretical
tilt of the solar modules (the latitude of the place (12°)). Experiences have shown that it is better to choose a
slope slightly higher than that of the latitude of the place. We can then conclude that the optimal slope found
during our experimental study is 15 ° for our study area for the photovoltaic modules mounted onthe fixed
supports.

3.3.2 Study of Dust Deposits on Solar Modules

The two photovoltaic modules were mounted on different support inclined at 15 ° and facing south.
Module N°1 was cleaned every morning while the module N°2 was never cleaned during all the duration of the
experiment. Table 3 gives us the daily averages powers of the two modules, the daily average power gains and
the daily averages of the open-circuit voltage (Uco) and the short-circuit current (Icc).
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Table 3 Daily Average Power of the two Solar Modules

Daily average power (W) Daily average power Daily
Jour Module N°1 Module N°2 gain (%) Energy
(cleaned) (uncleaned) Gain (Wh)
24/04/2017 98.30 92.20 6 48.8
25/04/2017 90.50 86.35 4.2 33.6
26/04/2017 82.15 74.60 7.6 60.8
27/04/2017 88.98 85.16 4 32
28/04/2017 95.16 87.25 8 64
02/05/2017 96.85 92.64 5 40
03/05/2017 96.17 92.34 4 32
04/05/2017 96.33 91.87 45 36
05/05/2017 102.60 94.58 8 64
08/05/2017 97.32 91.33 6 48
09/05/2017 102.37 95.57 7 56
10/05/2017 106.89 99.70 7 56
11/05/2017 101.50 89.45 12 96
12/05/2017 96.85 87.17 9 72
15/05/2017 93.47 86.50 7 56
16/05/2017 96.17 90.98 5.2 41.6
17/05/2017 102.30 94.41 8 64
18/05/2017 106.87 99.75 7 56
19/05/2017 118.30 104.50 14 112
22/05/2017 106.62 95.20 114 91.2
23/05/2017 98.98 88.75 10.2 81.6
24/05/2017 102.72 96.49 6.2 49.6
25/05/2017 106.15 98.75 74 59
26/05/2017 96.75 90.98 6 48
30/05/2017 102.33 92 10.3 824
01/06/2017 89.47 86.40 31 24.8
02/06/2017 82.04 75.90 6.1 48.8
05/06/2017 89.50 87 3 24
06/06/2017 96.04 91.23 5 40
07/06/2017 96.85 90.64 6.2 49.6
Over the period of the experiment 7% 1667.8
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Figure 5 Evolution of the Daily AveFége Power of the two Solar Modules

In general terms, it has been found that the average power of the cleaned module is always the
highest(Figure 5). This is because the cleaned module has received all of the sunlight on its surface and the
uncleaned module has lost some of it. Moreover, it has been noticed that the average powers of the two modules
are not regular; they are variable because the sunshine is not continuous and varies according to the moment.
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According to this study, on the period of the experiment the simple cleaning with water, allowed us to
have an average daily gain in power of 7%. Also during the entire period of the experiment, the energy gain of
the cleaned module is 1667.8Wh compared to the uncleaned one. Either, with 0.980 m? as a surface of the
module, an average gain of the energy on the PV became57 Wh/m? per day or 1702 Wh/m? per month.
However, the method used is certainly effective but consumes water which is another form of energy. A
comparative study of gains is therefore necessary.

Comparative study of gains

For a comprehensive comparative study, we felt it necessary to estimate the cost of cleaning in order to
appreciate a net economic gain:

Cc = ch+ Mpc + Sc

With:

C.: the cost of cleaning;

Qc.w:the price of water used,;

Mpc: the manpower for the cleaning;

Sc: the price of soap for the cleaning of our module.

In Mali, the price of a cubic meter of water is about 1200 CFA Franc and with 2 litres of water (0.002
m?®) each day to clean the module N°1 then the price of water needed for the cleaning of one square meter per
day will then be Q., = 74CFA Franc per month; the manpower for the cleaning of an area of 5000 m? can be
estimated at 1500 CFA Franc per day. Either an expense for cleaningM,. = 9 CFA Franc / m?/ month.On the
other hand we used, per day, 75CFA Franc of soap powder to clean our module. Which corresponds toS, =
75CFA Franc of soap.

However, the cost of cleaning is estimated at 158 CFA Franc /m?month.

The gross economic gain is the product of the energy gain by the price of the kWh produced. Suppose that the
price of solar kwWh in Mali is estimated at about 175 CFA Franc, the gross economic gain will then be 297.85
CFA Franc /m%month.

The net economic gain which is the difference between the gross economic gain and the cost of cleaning the
modules is then 140FCFA/m?/month.

Thus we can, by simply cleaning our PV modules with water, make a net gain of 140 CFA Franc /m%month.
This saving of profit can increase if other more modern methods of cleaning are used.

4. Conclusion

Photovoltaic installations must operate at their maximum rated capacity to ensure constant and reliable power.
To function optimally, the solar panels must stabilize their temperature around 20 ° C, but also remain clean[39].

In fact, a cleaned surface and an optimal inclination allow the sensors to receive a maximum of solar
rays, which guarantees a better efficiency of the installation. It is therefore important to keep the solar panels
clean and to maintain them regularly. The long life of solar modules also depends on their maintenance.

In this study, an experimental investigation was conducted to evaluate the influence of installation tilt and dust
deposits on the performance of photovoltaic panels. The non-cleaning of the solar modules made us lose about 7%
of its performance and this loss leads to the decrease of the energy production indicated by the manufacturers. A
simple cleaning of our photovoltaic systems with soapy water allows us to save energy. Considering the cost of
cleaning our module, our study reveals a net gain of 140 CFA Franc /m*month.

The additional study on the inclination of the modules allowed us to confirm that the optimum angle of the PV
modules is close to the latitude of the place. With regard to our study area (Bamako) which at a latitude of 12 °
38 ', we obtained 15 ° as the optimum angle for the different inclinations of the modules. Power losses are
greater if we exceed 15 °.

Given the influences of these parameters, it would be interesting to continue this study by redoing the study over
a long period, using other cleaning methods and searching for the ideal incline for all the year.
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