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ABSTRACT 

Solar energy is coming to the forefront, global warming and state awareness are leading to 

more intensive use of non-polluting energies, photovoltaic solar power in the stern. The sale 

of photovoltaic panels has increased by 40% a year for 10 years. The solar panels have proved 

their reliability. The cost of production of solar cells has also decreased. Solar energy had a 

second boost during the energy and pollution crisis. When the price of oil rose dramatically, 

photovoltaic solar panels began to be used for the first time in homes. 

However, concerning Morocco, the different solar panels stations do not work effectively 

once the temperature exceeds 45°C. In my project I am looking forward to optimize their 

efficiency in absorbing sun radiations. The methodology that will be used is using water for 

cooling them down, to increase the temperature inside the panel and therefore to work at its 

maximum efficiency. The challenge in this project is to solve the problem with minimum 

water used to cool down panels. I will develop a mathematical model responsible for 

detecting the temperature of the solar panel and being able to start the cooling once it exceeds 

the norms. But also it does compute the appropriate time for the solar panel to be cooled 

down. 
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1-  INTRODUCTION 

 Within the framework of its energy strategy, Morocco gives priority to the 

development of renewable energies and sustainable development. With plentiful solar 

resources (a potential of 2,600 kWh / m² / year) and a strategic position at the heart of an 

energy hub (Connecting to the Spanish electricity grid via two 400kV / 700 MW lines), 

Morocco offers several opportunities Of investments in the solar thermal and photovoltaic 

sector, notably with the launch of the following structuring programs: 

The Moroccan Solar Energy Project: This integrated development project aims at the 

establishment in 2020 of an electricity production capacity using solar energy with a total 

capacity of 2,000 MW at five sites: Ouarzazate, Ain Bni Mathar, Foum Al Oued, Boujdour 

and Sebkhat Tah. Both technologies - Concentrated Solar Power (CSP) and Photovoltaics - 

are being considered for these different stations. This program will increase the share of solar 

energy in the total electric capacity to 14% by 2020 and avoid the emission of 3.7 million 

tonnes of CO2 per year. 

 The Renewable Energies Act aims to promote the production of energy from 

renewable sources, its commercialization and its export by public or private entities. It has 

also introduced the subjecting of installations for the production of energy from renewable 

sources to a prior authorization scheme if their power is equal to or greater than 2 MW, or of 

prior declaration for holdings whose power is between 20 KW and 2 MW. Finally, it provides 

for the right of an operator to produce electricity from renewable energy sources on behalf of 

a consumer or a consortium of consumers connected to the national high-voltage (MV) (HT) 

and very high voltage (THT), in the context of an agreement whereby they undertake to 

remove and consume electricity produced exclusively for their own use.  
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 The aim of the national energy strategy is to make Morocco a leading country in 

renewable energy, with a target of 43% of national electricity production by renewable 

energies in 2020 (target initially set at 42%) and 52% 2030. In this context, the Moroccan 

Solar Plan foresees the development of a capacity of 2,000 MW of solar energy by 2020, 

which corresponds to 14% of the electricity production mix. The development of an industrial 

sector and training and research programs are also planned. 

 Solar panel system is very common in Morocco. It is used in many big renewable 

energy projects and has huge benefits in power supplying. However the main problematic is 

the efficiency of this system. Morocco is known as a very hot country during summer 

especially in desert. This very high temperature causes the decrease of the solar panels 

efficiency by 50%, since once the temperature exceeds the operating temperature which 

means 45°, it stops working the right way. Moreover, this decrease in efficiency can be 

notified for solar panels having amplifiers.  
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2- METHODOLOGY 

 My objective from this study and research is to maximize solar panels, and in 

particular solar cells, efficiency by cooling down techniques more precisely water cooling 

technique with an new design adopting some mathematical models, and this for arid regions 

and desert areas. The cooling system that I need to develop is based on water spraying of PV 

panels by a moving fan. Moreover, I will use a mathematical model in order for me to 

determine the pick point, once the temperature is 45°C or up, so that the system can start the 

cooling of the PV panels. I will start by computing the efficiency of the panels in normal 

temperatures and get its maximum value, also comparing it to some data found in research 

collected from real experiment done in the field. Furthermore, I need to implement a cooling 

model that will determine the right period of time that takes to cool down the PV panels to its 

normal operating temperature, using on the previous cooling system technique. Regarding the 

design of the system and all dimensions of the solar panels, I will be using SolidWorks for the 

design and using PVsyst for the simulation and graphs. MathJax is also used for the 

mathematical formulas. 
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3- REVIEW OF THE THERMAL MODELS FOR SOLAR CELLS: 

 The components studied in this work are photovoltaic solar collectors opaque 

polycrystalline silicon integrated into an inclined, insulated tile roof. The PV modules and the 

insulation layer are separated by a ventilated air knife naturally. A modeling of these systems 

has been carried out dynamics by developing distinct thermal and electrical models and 

coupling them under the TRNSYS 17 software. 

 

 The efficiency of a cell or of a photovoltaic module is the ratio between the electrical 

energy produced by this cell or module and the light energy received on the corresponding 

surface: 

    n [%] = Pproduite[kW] / Pincidente[kW] 

 In order to allow a comparison of the efficiency of different cells, these characteristics 

are defined under precise test conditions (STC = Standard Test Conditions). These conditions 

are: light emission of 1000 W / m², temperature of 25 ° C, spectral conditions Air Mass 1.5 

(composition of the spectrum identical to the solar spectrum when it crosses a thickness and a 

half of atmosphere, which corresponds to an angle Of 41.8 ° relative to the horizontal).  

 Peak power is defined as the electrical power produced by the cell (or panel) when 

subjected to STC conditions. This value is used as a reference to compare the photovoltaic 

panels together. 

Before checking the efficiency of the photovoltaic model we need first to go through some 

steps: 

 Illuminate the module of the chosen system and then measure: 



10 
 

 O the irradiance (solarimeter) 

 O the temperature of the cells (infrared thermometer) 

 At the terminals of the PV module, measure: 

 O the short-circuit current 

 O Open circuit voltage. 

 Identify photovoltaic cell technologies present on the module. 

 Adapt the model to the studied PV module: 

 O cell type 

 O number of cells 

 O temperature 

 O irradiance 

 

 Launch simulations to compare the remarkable values of the curves with the quantities 

measured at terminals of the PV module. 

“The electrical performance is primarily influenced by the type of PV used. A typical 

PV module converts 6-20% of the incident solar radiation into electricity, depending 

upon the type of solar cells and climatic conditions.” 
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 Once the temperature increase the fill factor and  the open circuit voltage go 

down substantially since the electrons are thermally excited and as a result begin to 

rule the electrical properties of the semi-conductor. On the other hand, the short-

circuit current increases even if this increase is not very significant. From this we can 

get the net effect that leads to a linear formula: 

 

 

Where  is the efficiency at the reference temperature. Since we are working with 

Silicon solar cells this equation becomes: 

 

This equation that we got from applying the material conditions on previous formula is the 

traditional liner expression of solar panels efficiency. 
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4- REVIEW OF COOLING DOWN TECHNIQUES FOR PVs: 

 Solar Panels efficiency decreases by half when the temperature is very high, 

or exceeds 45°C. This is very common in Morocco, especially in the desert. That is 

why, the PV panels should necessarily have a cooling down system to benefit from 

maximum power generated. The main advantage of cooling is evident: higher 

electrical output. However, cooling requires a separate system which will remove 

heat to some extent. The principle advantage of cooling is to have a higher electrical 

yield generated. In any case, cooling requires a different framework which will expel 

heat from the system and maintain an allowable temperature. The development and 

maintenance of that structure can be costly and there is plausibility that its cost 

support could exceed the advantages of the enhanced electrical yield. Cooling can 

be recognized in two different types: active cooling, is a type that requires energy 

(pump, motor, fan.,) and passive cooling, which is about using  regular 

convection/conduction to extract the heat from the system. 

 
 

4.1 Passive Cooling Techniques 

 

 Passive cooling technique can be done in three different ways, either by water, 

air or conductive cooling. This method can allow an increase in efficiency of 9% till 

20%. Moreover, it has been noticed that the most efficient type of passive cooling is 

via using water. Phase change material is another type of passive cooling, also 

called PCM. This technique maintains the same temperature inside the solar cell, by 

decreasing it to 15°C for a period of 5hours. Thanks to this technique the gain od the 

solar cell increases by 9.7% compared to the reference PV module. For instance, for 

a 10W panel, 5.5 Kg of the PCM material can help lower temperature from 85°C to 
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65°C. As a result there is a rise of 55% in the module efficiency. However this 

technique requires a considerably high mass of PCM material used in a limited space 

which is not very practical. (e.g for 5.5 kg of PCM we need a surface of 0.13 m²). 

 

Figure 1 : PCM 

 

 Concerning the other type of passive cooling, which is water passive cooling, it 

is the best alternative that gives higher results for the module efficiency. Moreover, 

this is due to the very high thermal capacity of water. From previous experiments 

done on PVs using water cooling, either front or back cooling-it defines the 

installation of the water tubes-. This techniques allow an increase from 11% to  20% 

for the panel efficiency. As it is shown in the figure bellow, cold water is injected to 

the solar panel in order to decrease the temperature Once the water is inside the 

system, there is a heat exchange, which makes the water out temperature higher that 

can be used to other matters (shower, cleaning …). 
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Figure 2 : Water cooling for solar panel 

 

The next figure show a cooling method using the capillary effect. This was achieved 

using cotton wick structures covering the back of the module in a spiral way deeply 

absorbed by the fluid. The progress in the efficiency was about 17%. 

 

Figure 3 : Thermosyphon effect used on PV/T system 



15 
 

4.2 Heat pipe cooling 

 

 This method is all about phase change. The material used is Medium. As 

shown in the figure bellow, at a part the material evaporate and therefore expands, 

and in the other side it condensates by discharging heat to the surroundings. The 

material, medium, moves through the capillary tubes, and to complete the cycle it 

evaporates. Concerning this method, the results are quietly less than previous 

methods used since the efficiency rise is nothing but 2.6%  allowing the temperature 

to diminish by 4 to 5°C, which is not beneficial in the case where temperature can go 

till 47°C. 

 

Figure 4  :Heat pipe mechanism 

 

4.3 Other cooling methods : Active techniques 

Active cooling techniques can e done using water or air, the main difference between 

passive cooling is that it needs and requires to consume and be given energy or 

power to cool the solar cell. A motor or pump is needed to ensure the circulation of 

the fluid inside the system. An increase above 13.5% can be noticed, and it can 

achieve a 15°C less in the ambient temperature of the system. 
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 The cooling system of the figure bellow consists of flow ducts installed in the 

back of the panel. However, the increase is very poor for the efficiency, 

approximately 0.6%. 

 

Figure 5: Forced air cooling 

 

 

5- BEST ALTERNATIVE AND TECHNIQUE FOR SOLAR CELLS 

COOLING: 

 The best method for the case of Morocco, taking into consideration the 

different conditions and characteristics of the climat, is water cooling technique.  

The technique proposed will not function as traditional and previous models. For my 

model, I will use a fan water spraying. 

Why? Since the dirt on the solar panels cause a decrease in the efficiency, this 

model, which consists in cooling the panel, will have another advantage of cleaning 

the surface of the panel while spraying water on it. This water will be distilled and 

used on its turn. 
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Concerning the mathematical model, it should compute the temperature of the panel 

and start the system once T exceeds 45°C. 

 

 5.1 Water cooling system for Solar cells: 

 The electrical power delivered by the photovoltaic module is the product of the 

voltage and the current that it generates. These two current-voltage quantities delivered by the 

photovoltaic module depend on the properties of the module but also on the load at the 

terminals of the module. 

 Unfortunately, a module does not naturally its maximum power point (Mpp) to 

remain stationary there. Three major factors affect the point of operation of the modules: 

Sunshine, temperature and electrical load. 

As sunshine and temperature vary during the day and depending on the season, the optimal 

operation point of a module varies accordingly. 

 The temperature of the cell has a small influence on the efficiency, which decreases 

as the temperature increases. This depends on the outside temperature, the sunshine and the 

cooling to which the cell is subjected (wind, contacts, dedicated cooling system, etc.). A 

power loss is typically measured from 0.4% to 0.5% per additional degree at the cell. 



18 
 

 For example, a panel that generates 100 W at 25 ° C will only supply 95 W at 35 ° 

C. If the outside temperature is at 30 ° C the panel can easily reach 60 ° (good weather, little 

wind) and in the case of our example the panel would then provide only ~ 82,5 W. 

 That is why it is very important to maintain the temperature between a range of  

25°C < T< 45°C in order to benefit from a maximum efficiency.   

 The  alternative chosen, cooling down with water, is the most beneficial concerning  

 

 

6- MATHEMATICAL MODEL FOR THE WATER COOLING 

SYSTEM: 

 For a long time, solar energy was considered as sources of alternative energies. Solar 

power is again booming car on an upcoming oil shortage, on concerns about global warming 

and the price of energy has never been so high. However, concerning Morocco, the different 

solar panels stations do not work effectively once the temperature exceeds 45°C. In my 

project I am looking forward to optimize their efficiency in absorbing sun radiations. The 

model  that will be used is using water for cooling them down, to increase the temperature 

inside the panel and therefore to work at its maximum efficiency. The challenge in this project 

is to solve the problem with minimum water used to cool down panels. Therefore, to perform 

all these tasks, we need to develop a mathematical model responsible for detecting the 

temperature of the solar panel and being able to start the cooling once it exceeds the norms. 

But also it does compute the appropriate time for the solar panel to be cooled down. 

 The first parameter to be defined or studied is the efficiency, and how does degrade 

due to temperature. Photovoltaic panels in the Moroccan desert are subject to excessive solar 
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radiation and to very high temperatures during the day regardless of the season. This causes 

the PV panel to overheat and therefore the drop of its efficiency. The link between the voltage 

output V and the electrical power P define the main characteristics of the PV. While the 

module temperature Tm and the irradiance of the sun E must be kept constant in order to not 

modify the whole characteristics of the solar module. The next graph clarifies the correlation 

between temperature and efficiency. It explains that once the temperature increases, the max 

power generated from the PV decreases. More specifically, each additional degree affecting 

the temperature (1°C) the efficiency percentage drops by 0.5%. 

 

Figure 6: Pv characteristics as a function of Tm 

 

The cooling model that will be used in this system is defined as a hybrid model. It implies a 

photovoltaic panel related to a cooling system working mainly with water as a cooling agent. 

Choosing the water cooling system as best alternative enable the cell efficiency to increase up 

to 50%.  
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 6.1 The Heating  Rate Model : 

 

 The first step of the mathematical modeling is the heating rating model. It is used for 

computing how long it takes to the solar cell to heat up to maximum allowable temperature 

and therefore maximum efficiency. The main significant parameters for this model are the 

ambient temperatures at normal time and sunrise, plus the solar radiation that defines how 

much does cell  absorbs. Based on the previous parameters it is possible to determine the 

cooling frequency of the silicon PV modules. In order to do so, the module temperature 

change in function of time should be determined so that we can specify the heating rate which 

will enable us subsequently to find the cooling frequency. The following formula represents 

the module temperature Tm: 

    Tm=Tamb+(NOCT−20)E/800 

Tamb : ambient Temperature   

NOCT: nominal operating cell temperature 

E        : solar irradiance 

 

For the NOCT, it represents the ambient temperature in a specific period of the day, sunrise 

time:        NOCT=20°C+Trise 

From the two equations bellow, it can be noticed that the heating rate, dTm/dt, has three 

dependent variable: **the irradiance and **the ambient temperature, they both vary on time, 

sunrise and sunset; plus, ** the  NOCT which is a constant. 
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The figure bellow states the temperature module as a function of the three parameters stated 

before. Moreover, it is used to define the right time for the model to start cooling once the 

temperature reaches  the module allowable temperature(MAT). 

 

 

Figure 7: Temperature Module measures during a day (June) 

 

 6.2 The Cooling Rate Model : 

 Concerning the cooling period, which is also another important parameter for this 

mathematical model can be determined from an energy balance equation. However, the 

physical properties of silicon, which is mainly glass covered by glass, need to be taken into 

consideration. This model is called the cooling rate model. This model is responsible for the 

period of time that is needed to bring back the module temperature to the normal operating 

one (allowable T, 25°< T< 45°C). Its main function is to minimize the time it takes for the 

system to cool down and therefore minimize water introduced to the system and energy. 
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 In order to specify the cooling period of the PV cells, it is crucial to look for each 

cell’s cooling rate.  An energy balance, describing the heat gained and dissipated, can define 

the cooling period. This equation states that the energy gained is equal to the energy 

dissipated from the module. The following equation helps retrieve t, the cooling time: 

 

 

ṁ w : mass flow rate of water 

mg   : the mass of glass 

cw     : specific heat capacity of water 

cg    : heat capacity of glass,  

ΔTw: the water temperature rise,  

ΔTg : glass temperature change due to water cooling 

 

 The solar cells that are used for this model are made from silicon which is 

approximately glass. The cells are also covered by glass. As a result, the physical properties 

of glass define the physical properties of the PV panels. I t is also assumed that 45°C is the 

maximum temperature allowed for the PV panels. Beyond this value, the system should start 

the cooling by spraying the amount of water needed for that specific temperature ( 45°C 

=<T). 

Trying to solve the previous equation (energy balance equation) for t, the results are given in 

the next figure:      (- assuming ΔTw = ΔTg = 10 °C -) 
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Figure 8 : Cooling time t versus water flow rate V̇ 

 

 This graph shows that as the flow rate increases, quantity of water sprayed, the panels 

take less time to cool down. For the pump installed in our system, it is a centrifugal one, of an 

input power of 1 hp.  This will develop a result of 4.7 min to drop the temperature from 45°C 

to 5°C. Computing the rate, it will give a rate of 2 °C/min (= decreasing the temperature by 2 

degrees each one minute). 

 6.3 The system design: 

After defining the mechanism of the system, the design is very important because it defines if 

the system will work effectively. To have a maximum efficiency and therefore power from 

the PV panels, we are installing a 2 in 1 system. Nozzles will be installed in the top half of the 

panel, first to cool the panel in case of high temperatures, and second to clean all the dirt on 

the panel that the wind can bring or due to animals. Nozzles spray water with a certain speed 
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which makes all the dirt out of the panel. This water will be distilled and used either for 

domestic uses or return back to the tank. The capacity of the tank depends on the number of 

panels. The tank will be underground and use rain water. This water will be sucked by the 1 

hp pump through suction pipe, which are a non-return valves,  in order to have clear water 

with no dust. This design will allow to cool the panels with minimum water used, especially 

that the quantity of water available in the desert is very limited.  
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 6.4 The Experimental Setup: 

The water loss as a result of evaporation is estimated to be 5% per month of the initial 

volume. The efficiency can be computed from Pmax, the maximum output power that the PV 

module generated, the solar irradiance incident I and the surface area of the solar module A:  
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This graph shows an experimental measurement done during the month of June.  It shows 

how the efficiency is affected by the temperature during the different times of the day.  Once 

the temperature increases from 35°C to 45°C, there is a drop in the cell efficiency of 10.5% to 

12%.  

This efficiency can be calculated by the following formula:   

        

 
ηi: initial efficiency 

 

ηf: final efficiency 
 

Consequently, the overall efficiency of the module decreases by almost 40% when there is a 

temperature increase.  
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7- APPLICATION OF THE MODEL IN REAL LIFE(Steeple Analysis) 

 Confronted with a growing demand for electricity in recent years and the need to 

reduce its greenhouse gas emissions, Morocco wants to develop its renewable production 

capacity to reach 42% of its energy mix by 2030 Solar energy is experiencing strong growth 

thanks to the progressive development of one of the largest solar power stations in the world 

located at the gates of the desert near Ouarzazate. 

 Morocco has for several years now embarked on an ambitious program to strengthen 

its network and diversify its energy mix, which is too largely dependent on fossil fuels. 

Depleted of natural resources, the kingdom produces almost no hydrocarbons and must 

import 95% of the energy it consumes. An unsustainable long-term situation that is pushing 

the government to adopt a new strategy of energy diversification through the launch of 

numerous programs for the development of wind and solar renewable energies. 

 In the solar sector, the Noor project, located 20 km from Ouarzazate in the south of 

the country, is the government's flagship project. It is being developed in several phases of 

construction, the fourth of which has just been officially launched on the weekend of 1 April 

2017 by King Mohamment VI. Noor IV will cover an area of 137 hectares and will have a 

production capacity of 72 megawatts. Requiring a total budget of 750 million dirhams (70 

million euros) financed for the most part by the German bank KfW Bankengruppe, it will 

enter service in the first quarter of 2018 and will generate electricity from the solar radiation 

received by Of the semiconductor cells. It will be operated by a consortium composed of the 

Moroccan Agency for Solar Energy (Masen) and the Saudi society Acwa Power, which also 

won the call for tenders for the other phases of the project. 

Noor II will use thermo-solar technology with cylindro-parabolic sensors, such as Noor I, on 

an area of 680 hectares; Its power will be 200 MW and its storage capacity of 8 hours; Its cost 
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is estimated at € 810 million. Noor III will use solar thermal tower technology, with a 

capacity of 150 MW and an 8-hour storage capacity; Its cost is estimated at € 645 million. 

The last phase, Noor IV, will be photovoltaic; These four units will make Noor Ouarzazate 

the largest multi-technology solar production site in the world with a capacity of 580 MW9. 

 This system modeled in this study can be applied to the last Noor project –Noor 4- 

since it is the only project using Photovoltaic solar panels. This can increase its efficiency up 

to 30%, knowing that the region of Ouarzazate can be very hot all over the year.  

 

 

 

 

 

 

 

 

 



29 
 

 

8- CONCLUSION 

The aim from this analysis study is to optimize the efficiency of photovoltaic solar panels in 

hot regions, as the Moroccan desert. A hybrid system has been developed as a mathematical 

model that will be able to detect the temperature increase and start the cooling down process 

with the least amount of water pumped from an underground tank. As a result, this model will 

enable the temperature to stay in the range of  35°C < T <45°C in order to benefit from a 

maximum efficiency and therefore a maximum power output. From an experimental set up 

was used in order to see if the mathematical model is valid and what are its consequences on 

the real domain, and how do PVs react to this model. Moreover, this system proposed is 

called hybrid because it does two main functions at the same time. It is well known that the 

dust stuck on the surface area of the solar panels cause their efficiency to decrease. Also, the 

high temperatures in rigid and hot regions affect the efficiency of the solar cell and decrease 

its efficiency by 20%. This mathematical model developed will help, thanks to installed 

nozzles in the upper side of the modules, reduce and clean the dust on the upper surface, and 

at the same time cool each and bring the temperature back to the allowable temperature. 

 As outcome of this model, it is noticed that the cooling rate model – the time needed 

for the cell to decrease its temperature and cool- is 2°C/min. 

 This model can be used for future renewable energy projects using photovoltaic 

panels, or in existing projects since its installation is not costly and is very practical since it 

can be adapted to different conditions either in hot regions or in cities for the panels that use 

amplifiers and cause the temperature to, in some cases, increase beyond the MAT. 
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10- APPENDIX: 

 

The following graphs are the net output energy measured from the solar 

Photovoltaic panels as a function of the maximum allowable temperature 

(MAT). 
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