
1 

 

 
 

SCHOOL OF SCIENCE AND ENGINEERING 

 

 

 

 

 

 

 

IMPLEMENTATION OF A LOW COST RESIDENTIAL 

SOLAR DISH STIRLING ENGINE 
 

 

 

Final Report 
 

CAPSTONE DESIGN 

 

Submitted in 

 

Spring 2021 

 
By 

 

Soha Essbai 
 

Supervised by 

 

Dr. Bouchaib Falah 

 
 

 

https://my.aui.ma/ICS/Academics/EGR/EGR__4402/2021_SP-EGR__4402-01___L/Coursework.jnz?portlet=Coursework&screen=StudentAssignmentDetailView&screenType=change&id=0d9b5039-5397-4a69-889f-79114ffb34b6


2 

IMPLEMENTATION OF A LOW COST RESIDENTIAL SOLAR DISH STIRLING ENGINE 

    

 

 

                                            Capstone Report  

Student Statement:        

 

I, Soha Essbai, I hereby state that I applied ethical values in the design process and in the choice 

of the final design implemented. And that, I considered the safety of the community to be of 

utmost important  

 

 

 

_____________________________________________________ 

Soha Essbai 

 

 

 

 

 

_____________________________________________________ 

Dr. Bouchaib Falah 

 



3 

ACKNOWLEDGEMENTS 

 

I thank Allah the Almighty for giving me the strength, the will and wisdom to carry out this 

Capstone project in decent conditions. 

I would like to thank anyone who supported me close or far in the completion of this research. 

In specific, I Thank Doctor Bouchaib Falah, who has helped to guide my research, and has 

always, listened to any problems that have arisen. I am so thankful to his guidance and 

motivation. I hope that Dr. Falah will find the manifestation of my profound appreciation in 

this humble work.  

I really express significant and heartfelt thanks to Doctor Yassine Salih-Alj for his advices and 

assistance. 

At the end of the day, I could not end these thanks before expressing my gratitude to my parents 

for their devotion and unconditional encouragement for 23 years, regardless of the struggles, 

insane ideas, and choices that cross my mind. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

TABLE OF CONTENTS 

ABSTRACT ...................................................................................................................................................................7 

LIST OF FIGURES ......................................................................................................................................................8 

 LIST OF TABLES  ....................................................................................................................................................... 10 

INTRODUCTION  ........................................................................................................................................................ 11 

           NATIONAL CONTEXT ..................................................................................................................................... 11  

           CONCENTRATED SOLAR POWER DISH ..................................................................................................... 12 

           METHODOLOGY  ............................................................................................................................................. 13  

           STEEPLE ANALYSIS ........................................................................................................................................ 14 

LITTERATURE REVIEW ........................................................................................................................................... 15 

           FUNDAMENTALS OF SOLAR RADIATION .................................................................................................. 16 

                        SOLAR RADIATION  ............................................................................................................................ 16 

                        GEOMETRIC ASPECTS ........................................................................................................................ 17 

                                                EARTH MOVEMENTS .................................................................................................... 21 

                                                APPARENT MOTION OF THE SUN ............................................................................. 22 

                                                DURATION AND RATE OF SUNSHINE....................................................................... 22 

                         ENERGY ASPECTS ............................................................................................................................... 23 

                                                 SOLAR RADIATION AT EARTH SURFACE ............................................................... 23 

                                                 SOLAR RADIATION ON ANY PLANE ......................................................................... 23 

                          VARIATIONS IN RADIATION .......................................................................................................... 24 

                           SOLAR POTENTIAL OF MOROCCO ............................................................................................... 25 

                           CONCLUSION ..................................................................................................................................... 26 



5 

SOLAR CONCENTRATOR AND STIRLING ENGINE ........................................................................... 27 

                         TECHNOLOGY OVERVIEW ............................................................................................................... 27 

                         CYLINDRO-PARABOLIC CONCENTRATORS ................................................................................. 29 

                         PARABOLIC CONCENTRATORS WITH STIRLING MOTOR........................................................ 30 

                                                CONCENTRATOR ........................................................................................................... 31 

                                                 INTERCEPT FACTOR ................................................................................................... 31 

                                                 THE RECEIVER .............................................................................................................. 32 

                       RECEIVER LOSSES............................................................................................................... 32 

                         STIRLING ENGINE…………………………………………………………………………………………………….….33 

                     REGENERATOR ............................................................................................................ 35 

                         STIRLING ENGINE’S WORKING FLUIDS ........................................................................................ 35 

                          THE CYCLE OF STIRLING ................................................................................................................. 36 

                          COOLING SYSTEM.............................................................................................................................. 37 

                     CONCLUSION ....................................................................................................................................... 37 

DESIGN AND SIMULATION OF A LOW COST RESIDENTIAL SOLAR DISH STIRLING ENGINE…...............38 

          DESIGN USING CATIA V5 SOFTWARE………………………………………………………………………………………………………….…39 

              INTRODUCTION………………………………………………………………………………………………………………………………………………………….39 

              CONCENTRATOR’S FRAME …………………………………………………………………………………………………………………………………………40 

                REFLECTING SHEETS .................................................................................................................................................................................. 41 

             OPTIMAL CUTTING OF THE REFLECTIVE SHEETS…………………………………………………………………………………………………..…...41 

              STRESS ANALYSIS OF THE DISH .............................................................................................................................................................. 42 

     RAY TRACING USING TONATIUH……………………………………………………………………...………………………...43       

  CALCULATIONS………………………………………………………………………………………………………….........................45 



6 

                THE SOLAR CONCENTRATOR……………………………………………………………………………………………………...………45 

                THE STIRLING ENGINE……………………………………………………………………………………………………………...…………46                 

 FINANCIAL AND PERFORMANCE SIMULATION USING SAM…………………………………………….……………...50     

               DAILY PERFORMANCE OF THE SYSTEM SIMULATION …………………………………………………………...…………….52  

                 LEVELIZED COST OF ENERGY………………………………………………………………………………….….............…….….……54 

CONCLUSION .............................................................................................................................................................. 56 

FUTURE WORK .......................................................................................................................................................... 57 

REFERENCES .............................................................................................................................................................. 58 

APPENDIX………………………………………………………….………………………………………………………….….…………....62 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



7 

ABSTRACT 

English  

Solar energy is quickly developing recognition amongst the most valuable ways for using clean 

energy options in order to resolve Morocco's power shortage of supply. Consequently, 

understanding the systems involved in transforming solar energy into electrical energy is 

critical. One of the important problems with solar energy is the tracking of the sun's rays. To 

improve solar power production, it is important to track the sun's rays from dawn until dusk 

such that the rays are parallel to the receiving point throughout the active period.  The aim of 

this study is to create a low-cost, small-to-moderate-sized parabolic solar dish concentrator with 

Stirling engine specifically for residential electricity production. However, the following could 

be implemented in rustic regions, which are disconnected from the state grid. In fact, the first 

technical challenge that this study should focus on is to create a product that is at the same time 

small scale, cost effective, efficient, reliable, and easy to maintain. That is why, in order to 

achieve these objectives, a set of research and explorations will be conducts in all aspects of 

this system. 

Keywords: CSP, Solar dish, Stirling engine, LCOE. 

French 

L'énergie solaire est en train de devenir rapidement reconnue comme l'un des moyens les plus précieux 

d'utiliser les options d'énergie propre afin de résoudre les problèmes d’électricité au Maroc. En 

conséquent, il est dorénavant essentiel de comprendre et analyser les systèmes impliqués dans la 

production de l’énergie solaire en transformant l’énergie solaire. La première observation et constatation 

à faire, serait d’identifier les complications les plus importante de l'énergie solaire. La première étant le 

suivi des rayons solaire, qui nous permettra par la suite d’améliorer la production d’énergie solaire, à 

condition que les rayons soient parallèles au point de réception pendant toute la période de 

fonctionnement. 

Le but de cette étude est de créer un concentrateur de parabole solaire parabolique à faible coût, de taille 

petite à moyenne, avec un moteur Stirling, spécifiquement pour la production d'électricité résidentielle. 

Une telle conception pourrait être mise en œuvre dans les régions non connectées au réseau public, tels 

les régions rurales. Le principal défi technique est de permettre la production d'une unité à petite échelle 

rentable, efficace, fiable et facile à entretenir. Pour atteindre ces objectifs, la recherche et le 

développement seront menés dans tous les aspects du système. 
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I. INTRODUCTION  

1. National context  

For a couple of decades, major economic developments took place, the development of industry, 

the increase in the quantity of manufacturing services, vehicles and electronic devices have 

resulted in a massive increase in energy demand. Unfortunately, this increase in demand was 

mostly covered by the import of fossil fuel sources. But, when it comes to climate change, where 

reducing greenhouse gas emissions is crucial, and with the possibility of fossil fuel depletion 

approaching, the strategy is to create alternative energy sources to meet an ever-increasing 

demand. For Morocco, the increase of the demand of electricity has grown significantly, and 

keeps growing by an average rate of 6.5% per year. In 2002, the demand of electricity was about 

16TWh, and in 2014, it reached more than 34TWh. This situation drove the country to increase 

the production of electricity by 7% every year in order to meet the growing demand. [1][2] The 

attraction to renewable energy generation continues to expand in order to fulfill the high demand 

for energy in the coming years and to preserve the environment. Energy sources such as solar 

energy are attractive because they can be used in multiple regions. The kingdom of Morocco is 

one of the countries that have large solar potential as it attains 5 kWh/m2/day [3]. This number 

is very encouraging, especially when it comes to building solar projects for electricity 

generation. Moreover, the country has lately become very interested in developing strategies 

for clean energy generation, as it is known that by adopting such strategies Morocco will be 

able to avoid many issues as economic and political ones, in addition to that the environment 

protection that is the core interest of the country in the last decade. Starting the year 2009, 

Morocco implemented a national energy program aiming to generate 42% of electricity from 

clean sources. The plan accounts for a large proportion of solar resources, because by 2020, this 

proportion is about 14%. Beyond that, the target in the year of 2030 is to increase the production 

of electricity to 52% from renewable energies and this event automatically means a rise in the 

share of solar sources [4]. 
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2. Concentrated Solar Power “Dish Stirling”   

There exist many technologies that are used in order to convert the solar energy to an electric 

one, one of these many technologies and, which is considered the leader because of its high 

efficiency is the concentrating solar one. This is due to the fact that this technology employs the 

Direct Normal Irradiation. Such technologies are constructed where direct solar radiation rate 

is high, the sky above the sites should be sunny and unclouded clear during the year, and where 

there is no haze or grime. If we analyze the world solar map, we will see that the appropriate 

sites for the construction of these technologies are in places with the latitude of 14° and 15°. 

This event is due to small percentage humidity and the high direct normal irradiation. 

Fortunately, Morocco is among these countries where concentrating solar power technology 

can be built and it can have a great efficiency. There is a type of generators, which is called the 

Stirling engines; it is proven that this one is known for its high efficiency when it comes to the 

conversion of solar energy. [5]. It was found that the rate of converting solar energy to electrical 

one of the solar dish with Stirling engine has attained 29% in the year 1985. [6]. Looking at this 

percentage that was reached more than 35 years ago, we can only deduct that the technology 

was and still can be more efficient. 

 Central receiver, parabolic trough technologies, and the dish- Stirling technology are 

considered as solar thermal technologies of high concentration. These components, in order to 

produce energy, use the concentrated power of sun by means of different power cycles. For the 

case of dish- Stirling, it is important to use a dish receiver in order to collect and direct the sun 

rays, in order for the concentrated sun energy gets transferred to the fluid that is located inside 

of the Stirling engine. This previous engine is in fact, the one responsible for the production of 

the power converted to electricity. That is why, the main goal of this research project is the 

development of a Solar Dish/Stirling System. Our aim is to market a low cost residential solar 

dish The Stirling engine facilitates the use of renewable equipment in Morocco. 
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3. Methodology 

The design will include several engineering processes, beginning with an overview of all the 

factors and variables that affect the production of energy from the solar dish Stirling engine. 

The fundamentals of solar radiation are dealt with in the first chapter, as the analysis of solar 

radiation is essential in selecting the most suitable location for the installation of a solar 

concentration system. Then in Chapter 2, we will introduce solar concentrators and Stirling 

engines. In this chapter, every part of the system will be analyzed. The third and final chapter 

will be divided into two parts. The first one is related to the mechanical design done by the 

Software CATIA v5; afterwards there will be a use of the ANSYS software, which will do a 

stress analysis to the dish. When it comes to the cost, a software dedicated in cutting sheets in 

the best way. The other part of this chapter is the use of Tonatiuh, which is an open source 

software that allows you to model a dish and to simulate its optical behavior. It also allows with 

the help of Mathematica to analyze the output of Tonatiuh in order to make many important 

calculations. At the end a simulation in order to get the daily basis performance was done using 

SAM software, this one was also used in order to calculate the LCOE index.  
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4. STEEPLE ANALYSIS 

This figure is an illustration of the STEEPLE analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: SEEPLE Analysis  
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1. FUNDAMENTALS OF SOLAR RADIATION 

A. SOLAR RADIATION                         

   The Sun is a gaseous sphere made up nearly totally of hydrogen. It has a diameter of 

1,391,000 km (100 times that of the Earth) and a mass of 2, 1027 tons. The energy from the Sun 

derives from thermonuclear reactions that occur there. Each second, 5.64.108 tons of hydrogen 

are converted into 5.60.108 tons of helium. Planet is at a distance of 1.50.108 kilometers from 

the Sun. The amount of the solar radiation flux obtained by the surface perpendicular to the 

solar rays imposed changes throughout the year with the distance between Earth and the Sun, 

at the very high point that constitutes the limit of the atmosphere of the earth (i.e. at an altitude 

of around 80 km). Its average value I0 is called the solar constant, which is worth I0 = 1367 

w/m2. As a first estimation, we can measure the value of I by the number of the day of year N 

by the following:    

 

𝐼 = 𝐼0 [1 + 0.033cos
360.N

365
] 

          

We should take into consideration that 98 per cent of solar radiation is released at wavelengths 

of less than 4 μm. For a first comparison, solar radiation can be compared to black body 

radiation at a temperature of 5777 K. [7]  

B. GEOMETRIC ASPECTS               

Below, we will concentrate on the geometrical features of the received by Earth solar radiation, 

in order to measure the flow obtained by the inclined plane positioned on the surface of the 

Earth and directed in a fixed direction. Information of this flow is the basis for the dimensioning 

of every solar system.                             

a. EARTH MOVEMENTS 

The trajectory of the Earth around the Sun is an ellipse of which the Sun is a focal point. The 

plane of the ellipse is named the ecliptic. The eccentricity of this ellipse is negligible, as the 

distance between the Sun and the Earth ranges by ±1.7percentage relative to the normal distance 

of 1.49.108 km.  

The Earth also rotates on itself along an axis named the pole axis. The equator is in fact, the 

plan perpendicular to the axis of the poles, and going across the middle of the Earth.  

(1) 
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The axis of the poles is not perpendicular to the ecliptic: there is an angle between the equator 

and the ecliptic, called the tilt, which is 23°27’. The Earth's motions along its axis and around 

the Sun are seen in the figure below: [7] 

                                             

    

                       Figure 2: Diagram of the movements of the Earth around the Sun. [8] 

 

We call declination (δ) the angle formed by the direction of the Sun with the equatorial plane. 

It varies during the year between -23.45 ° and + 23.45 °. It is zero at the equinoxes (March 21 

and September 21), maximum at summer solstice (21 June) and minimum at winter solstice (21 

December). In the calculation of the value of the declination, N is considered as the number of 

days of the year. This formula gives the declination in degrees, the error on δ varies inside the 

interval [-1.4 °; + 0.5 °]. [9] 

                                                      𝛿 = 23.45° sin [
248+𝑁

365
. 360]                                             (2) 

 

b. APPARENT MOTION OF THE SUN  

The apparent motion of the Sun seen by a fixed observer at a point of latitude L in the north 

from the equator is shown in Figure.2. In fact, two angular coordinates locate the point on the 

earth’s surface: latitude l and longitude L. 

 Longitude (L): 
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It is the measure of the angle between the meridian of the place and the meridian of origin of 

longitudes (Greenwich in England). Regions that are located to the east are counted with a + 

sign. The large arc of a circle that joins the North Pole, Greenwich and the South Pole is called 

the meridian origin. There are 23 meridians separated by 15 ° giving rise to the 24 time zones. 

[10] 

 Latitude (l): 

Latitude l is used to locate the angular distance of an arbitrary point from the equator. It changes 

from 0 ° at the equator to 90 ° at the North Pole. The day length is 12 hours at the equinoxes; it 

is less than 12 hours between September 21 and March 21, greater than 12 hours between March 

21 and September 21. [10] 

 

       

 

 

 

 

 

 

 

 

                                    Figure 3: Diagram of the sun angles. [11] 

 

The Sun is located through two angles: 

- The azimuth 𝜸: this is the angle made by the direction of the projection of the Sun on the 

plane horizontal with the South direction, this angle being positively oriented towards the West. 

[12] 

- The elevation h of the Sun: angle created by the direction of the Sun with its projection on a 

horizontal plane. [12] 

Figure.3 demonstrates the two angles 



20 

 

    

 

 

 

 

 

 

  Figure 4:  Azimuth and elevation angle Diagram. [13] 

 

We also define the hour angle (ѡ) by: It is counted positively in the afternoon. [14] 

 

                                                ѡ = 15°(𝑇𝑆 − 12)                                               (3) 

 

The elevation h of the Sun can then be deduced from the equation: 

                        sin(ℎ) = sin(𝐿) sin(𝛿) + cos(𝐿) cos(𝛿) cos(ѡ)                        (4) 

  

Azimuth’s equation is: 

                                               

                                               sin(𝛾) =
cos(𝛿) sin(ѡ)

cos(ℎ)
                                        (5) 

 

c. Duration of sunshine 

 

Depending on the atmospheric conditions, the sky may be more or less covered with clouds 

during the day. These obscure the Sun, totally or partially, thus preventing the radiation to reach 

the ground directly. We say that the cloudiness is more or less important depending on whether 

there are a lot of clouds or a few clouds. We call the duration sunshine the time during which, 

during a day, the direct solar radiation has reached the ground of the selected area. Direct 

radiation is the radiation which reaches the earth's surface without having undergone any 

deflection since its emission from the Sun. [15] 
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C.  ENERGY ASPECTS 

a. SOLAR RADIATION AT EARTH SURFACE  

 Solar radiation on any plane 

The atmosphere does not transmit to the ground all of the solar radiation it receives: 

- Direct irradiance is that which passes through the atmosphere without undergoing 

modifications. [16] 

- Diffuse irradiance is the proportion of solar radiation scattered by solid or liquid particles 

suspended in the atmosphere. [16] 

- Global irradiance is the sum of direct and diffuse radiation [16] 

 

 Direct irradiance  

The direct irradiance received by a surface permanently oriented towards the Sun and which 

therefore receives the solar radiation under normal incidence is designated by I. We will 

designate by: [17] 

- I the energy received (irradiation) in W.m-2. duration-1 or kWh.m-2. duration-1 

- I * the received flux (illumination) in W.m-2 [17] 

                                                    𝑆 = ∗ 𝐼 𝑠𝑖𝑛 (ℎ)                                                            (6) 

The direct solar flux S * on a horizontal plane can be determined from several ways depending 

on available data [17] 

 By measuring the Global and the diffuse flux and that gives us the equation: 

           𝑆 ∗ =  𝐺 ∗  − 𝐷 ∗               (7) 

 From the measurement of the global daily radiations G and diffuse one D on a 

horizontal plane, we deduce 

            𝑆 =  𝐺 –  𝐷                        (8) 

 

And                         𝑆 ∗ =  
𝜋 

24
 [𝑎 +  𝑏 𝑐𝑜𝑠 (𝑤) ] ) 

cos 𝑤−cos(𝑤𝑠)

sin(𝑤𝑠)− 
𝜋𝑤𝑠

180
cos(𝑤𝑠)

 𝑠                    (9) 

Where  

 

𝑎 =  0.409 +  0.502 𝑠𝑖𝑛 (𝑤𝑠 −  60°) 

𝑏 =  0.661 −  0.477 𝑠𝑖𝑛 (𝑤𝑠 −  60°) 

 From the measurement of the global daily irradiation G, the daily diffuse irradiation 

D is evaluated by the Collares-Pereira and Rabl correlation: [17] 
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D = 0. 99 G                                                                                                     𝐾𝑇 ≤ 0. 17 

D = (1.188 – 2.272𝐾𝑇 +9.473𝐾𝑇
2 –21.865𝐾𝑇

3 +14.648𝐾𝑇
4) G            0.17 < 𝐾𝑇 ≤ 0.75     

D = (- 0.54𝐾𝑇 + 0.632) G                                                                   0.75 < 𝐾𝑇 ≤ 0.80        (10) 

D = 0.2 G          𝐾𝑇 ≥ 0.80 

 

Where                                         𝐾𝑇 =   
𝐺

𝐺0
                (11) 

 

                     𝐺0 =  3.795. 104 𝑐𝑜𝑠(𝐿) 𝑐𝑜𝑠(𝛿) [ 𝑠𝑖𝑛 (𝑤𝑠 )  −  
𝜋𝑤𝑠

180
 𝑐𝑜𝑠(𝑤𝑠 )]                        (12)     

                 

 From measuring the monthly average of the overall daily irradiation G, we calculate 

the average daily diffuse irradiation D by the correlation from Collares-Pereira and 

Rabl: 

𝐷 =  {0.775 + 0. 00606 (ѡ𝑙 –  90°)  −  [0.505 +  0.00455 (ѡ𝑙 − 90°)] 𝑐𝑜𝑠 (115 𝐾𝑇 −  103)}𝐺                  (13) 

 We do not have any measurements: we can evaluate the direct radiation on a plane 

perpendicular to solar radiation by the relation 

                                  𝐼 ∗=  1370 𝑒𝑥𝑝 [−
𝑇𝐿

0.9+9.4 𝑠𝑖𝑛(ℎ)
]                                                (14) 

Where TL is:  

                                     𝑇𝐿 =  4.2 + 14.6 𝛽 +  0. 4(1 +  2𝛽) 𝑙𝑛 (𝑝𝑣)             (15) 

β is the atmospheric cloudiness coefficient which can be taken equal to: 

β = 0.05 in rural areas 

β = 01 in urban areas 

β = 0.2 in industrial or polluted areas 

                                                We deduce 𝑆 ∗ =  𝐼 ∗  𝑠𝑖𝑛 (ℎ)                                                         (16) 
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 Diffuse irradiance 

Diffuse solar flux D * on a horizontal plane can be determined in several ways depending on 

Available data: [17] 

 By direct measurement. 

 From the measurement of the daily diffuse irradiation D on a horizontal plane 

                                           𝐷 ∗ =  
𝜋

24
 [𝑎 +  𝑏 𝑐𝑜𝑠 (𝑤) ]   

𝑐𝑜𝑠 𝑤 −𝑐𝑜𝑠  (𝑤𝑠) 

𝑠𝑖𝑛 (𝑤𝑠) −  
𝜋

180
 𝑐𝑜𝑠  (𝑤𝑠)

                             (17) 

 From the measurement of the global irradiation G on a horizontal plane: we evaluate 

D by the formula: 

     𝐷 =  {0.775 + 0. 00606 (ѡ𝑙 –  90°)  −  [0.505 +  0.00455 (ѡ𝑙 − 90°)] 𝑐𝑜𝑠 (115 𝐾𝑇 −  103)} 𝐺       (18) 

 From the measurement of the sunshine rate σ 

 By using the following correlation in the absence of any measurement: 

 

           𝐷 ∗ =  54.8√𝑠𝑖𝑛 (ℎ)  [𝑇𝐿 –  0.5 – √𝑠𝑖𝑛 (ℎ) ]                     (19) 

b.    Solar radiation on whichever plane 

                                         

Anticipate a straight surface angled at an angle i. with respect to the horizontal and oriented 

towards a direction making an angle ℽ with the South direction (ℽ counted positively towards 

the West). The global radiation G * (i , ℽ) received by this surface is the sum of 3 terms [17] 

     

         𝐺 ∗  (𝑖 , ℽ) =   𝑆 ∗ (𝑖 , ℽ) +  𝐷 ∗  (𝑖 , ℽ) +  𝑅 ∗  (𝑖 , ℽ)                               (20) 

 

Where    𝑆 ∗  (𝑖, )  =  
𝑆 ∗

𝑠𝑖𝑛 (ℎ) 
 [𝑐𝑜𝑠(ℎ) 𝑠𝑖𝑛(𝑖) 𝑐𝑜𝑠(𝑎 −  𝛾)  +  𝑠𝑖𝑛(ℎ) 𝑐𝑜𝑠(𝑖) ]                       (21) 

                         𝐷 ∗ (𝑖, )  =  
𝐷 ∗ 

2
 [1 –  𝑐𝑜𝑠(𝑖) ]                                                                                             (22) 

                     𝑅 ∗  (𝑖, )  =  
𝐺 ∗

2
  𝜌 [1 –  𝑐𝑜𝑠(𝑖) ]                                                                                         (23) 

 The ground reflectance ρ is called the albedo. 

               We call albedo the relationship between reflected energy and incident energy. 

 

D. VARIATIONS IN RADIATION 
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a. Annual: 

The value of the annual global irradiation on a horizontal plane strongly depends on the 

latitude, as it demonstrated in sunshine map (the figure below) 

 
Figure 5: MAP OF THE ANNUAL GLOBAL IRRADIATION. [18] 

 

The value of the flux is high and its minimum value is relatively high in tropical areas, which 

can allow autonomous solar systems without storage to be considered. energy over a long 

period. Outside the tropical zone, deviations in the value of the irradiation between the sunniest 

month and the least sunny month is important and it either energy storage or back-up energy 

will need to be provided to cover a need given energy (drying of products, production of 

domestic hot water, pumping water, ...). [18] 

b. Monthly: 

In the tropics, the average daily global irradiation G on a horizontal plane varies a little in the 

dry season while it undergoes significant variations in the rainy season. This poses the problem 

of the operational safety of solar systems: if we want ensure complete coverage of needs every 

day of the year, you need a system of energy storage to compensate for a period of no sunshine 

limited to 2 days in the dry tropical zone. In other areas where periods of sunshine may be of 

longer duration, it is mandatory to use another source of additional energy. 

c. Daily: 
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 The solar illumination received by a collector typically varies during an undisturbed day: zero 

at night, it increases from dusk to reach a maximum at noon before declining again until it 

becomes zero at night.  
 

 
 

                  Figure 6: example of variation in solar irradiance during a day. [19] 
 

 

The use of solar energy is therefore well suited to applications whose needs coincide with the 

maximum sunshine hours. In most cases, there is an offset that requires storage to meet the 

needs of the non-sunlight period 

E. SOLAR POTENTIAL OF MOROCCO                 
 

 Morocco has one of the world's largest solar potentials, with far more than 5 kWh/m2/day, with 

annual irradiation values exceeding 2200 kWh/m2 in some areas, mainly in the Sahara. The 

Monarchy of Morocco also set a target of 14 percent (2000 MW) and 20 percent (4560 MW) of 

the kingdom's generation capacity for (CSP) and Photovoltaic (PV) by 2020 and 2030, 

respectively. [20] 
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         Figure 7: Global Horizontal irradiation of Morocco. [21] 

F. CONCLUSION 

 

The analysis of solar radiation is essential in selecting the most suitable location for the 

installation of a solar concentration system. The energy produced from a solar concentrator also 

affected by the amount of sunshine at the actual site as well as its position with respect to the 

sun. 

Efficient utilization of solar energy necessitates a thorough understanding of solar energy or the 

amount of energy available in a given place over time. Data on the various components of solar 

radiation, as well as their spatial and temporal variations, are necessary. Various solar energy 

applications necessitate a lot of details and calculations, concerning numerous aspects of solar 

radiation. In fact, below are the most widely utilized in solar energy systems; solar radiation 

components. We observe the monthly average of daily global radiation and its variation over 

the period of the year.  The monthly average of diffuse radiation and its normal variation are 

calculated. The monthly estimate of maximum direct radiation and its seasonal fluctuations. 

Humidity and temperature also are essential.  
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1. SOLAR CONCENTRATOR AND STIRLING ENGINE 

A. TECHNOLOGY OVERVIEW 

Solar systems make use of relatively new technology with substantial growth opportunities. 

They have a similar incentive for sunny countries as wind farms do for coastal countries. The 

far more important locations for the introduction of these innovations are those from the 

southwestern United States, South America, and most of Africa, countries in the Mediterranean 

and Middle East, India and Pakistan's... [22] 

 

 

                 Figure 8: Global Horizontal irradiation map. [23] 

 

An km2 of field will allow in several places around the world to produce up to 120 Gwh of 

energy per year employing solar energy technologies. This electricity is equal to output of a 50 

MW per year traditional power plant. The conversion of solar radiation into electricity is a direct 

operation. Due to the scarcity of solar energy, it must be concentrated in order to achieve 

temperatures suitable for the generation of electricity. The radiation is focused where thermal 

energy is transferred to the heat transfer fluid, at a single point or in a straight line.  
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The concentration factor affects the intensity of the concentration. The higher the temperature, 

the higher it would be. Figure 8 represents the four major concentration systems. Line 

concentration systems usually have a lower concentration factor than point concentrators. [24] 

 

 

         Figure 9 : Main Solar concentration technologies. [25] 

 

The choices for electricity generation systems are numerous: gas turbine, Rankine cycle, 

Stirling motor, and Organic Rankine cycle are the most common. To reflect solar radiation, 

most devices employ glass mirrors. Currently, efforts have been made to improve the physical 

characteristics of reflective materials (reflectivity, resistance, etc.) A critical feature of 

concentrating schemes is that only direct radiation can be employed; diffuse radiation cannot 

be concentrated by the concentrator. As a result, the solar power plant can only operate if the 

sky is clear and the direct radiation is not diffused by cloud cover. 

B. CYLINDRO-PARABOLIC CONCENTRATOR 

The innovation of parabolic cylinders is probably the most well-proven method of solar 

concentration. Such installations, some of which were tested and marketed in the 1980s, have 

already been developed and promoted. The solar field, heat transfer system, and electric 

generation system are the three main components of a typical installation. 



30 

 

Figure 10: Typical configuration of a parabolic trough concentrator plant. [26] 

A metal pipe inside a glass vacuum tube absorbs the thermal energy obtained at the collector. 

The fluid (synthetic oil) that circulates inside the pipe is heated to approximately 400 ° C. This 

fluid is then pumped into conventional heat exchangers to generate superheated steam, which 

powers an electric turbine/generator. [27] 

C. PARABOLIC CONCENTRATORS WITH STIRLING ENGINES 

The parabolic concentrators operate independently. They track the sun on two axes in order to 

concentrate solar energy on the reflective parabola's material. With a temperature of 750 ° C, 

the concentration ratio is frequently higher than 2000. Parabolic concentrators have shown the 

highest solar-electricity outputs of any solar technology (29.4 percent). [28] 

One of their key benefits is modularity: they can be built in isolated places that are not connected 

to the grid. As a result, they have considerable growth potential, especially in isolated areas of 

some southern countries. 

Thermal energy from solar radiation is converted into electrical energy by the device. Figure 10 

depicts the system's three major components.  

 The parabolic concentrator is a kind of concentrator that uses a parabola 

 The receiver for solar energy 

 Stirling engine 

The thing that allows tracing the sun, is a tracking device attached to the solar dish.  
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Figure 11: solar dish Stirling engine components. [29] 

a. Concentrator   

The concentrator is of the parabolic form, focusing the sun's rays into the area called as the 

focus (located just before the Stirling engine) due to its reflective surface with the highest 

possible reflection coefficient. The parabola is normally made of glass or plastic for this 

purpose. The main challenge is keeping the dish pointing in the direction of the sun all day. This 

is why the sensor is built on a control system that tracks the sun with two degrees of freedom 

to ensure optimum monitoring. The monitoring is conducted autonomously using 

pyrheliometers, it is tools for measuring direct radiation. 

The mirror, it works on the same basis as conventional mirrors, with a silver or aluminum 

coating on the back of a glass plate. Nevertheless, the thickness of the glass sheet should be 

very fine, in order to achieve an increase in the reflectivity of the parabolic concentrator [30]. 

It must be less than a millimeter (0.8 mm), which raises the mirror's reflection rate by up to 94 

percent [30]. 

b. Intercept factor  

The intercept factor is the percentage of solar radiation that is communicated from the parabolic 

collector and reaches the opening (rim) [31]. It is affected by the focal length, collector device 

mistakes, collector rim angle, and non-parallel sunlight [31]. 

Increasing the intercept ratio increases automatically, the fraction of energy accessing the 

receiver. The following is not considered as being a good thing to happen, as If there is an 

increase in the interception factor as a result of the reduction in errors in the reflective surface 
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of the parabolic collector, the system efficiency will improve [31]. Hence, contrary effects may 

follow these events, if the interception factor is increased by changing the size of the opening. 

That is why; research is needed to decide if the boost in energy obtained by the receiver is 

greater than the energy lost due to thermal losses [31]. However, it is desirable to achieve a high 

degree of concentration in the concentrator system so the opening will then be narrower [31]. It 

is planned to be smaller in order to minimize heat loss, and the interception factor would be 

greater for a given opening diameter [31]. 

c. Receiver  

The receiver connects the concentrator to the Stirling engine in the motor protection box shown 

in Figure 11. Its function is to take, from the concentrator, the DNI and transmit the heat to the 

working fluid of the engine [32].               

As a result, the receiver can hit temperatures of about 650 ° C. A effective receiver must transfer 

the maximum amount of radiative power to the engine cooling system. The absorber is the part 

that enables heat transfer and is located at the bottom of the cavity, allowing it to minimize 

reflections and convection losses as much as feasible. The receiver is made up of several narrow 

tubes from which the operating fluid circulates. The heat transfer occurs at 90% efficiency, 

implying a 10% loss of heat by conduction. [32].               

 

Figure 12: receiver. [33] 

D. RECEIVER LOSSES 

To start with, the receiver of the solar dish Stirling engine transforms the thermal losses that 

occurred before converting energy into electricity [34]. If indeed the receiver aperture diameter 

becomes small, CS radiation from the dish and the receiver intercept would be limited, resulting 

in a high receiver failure. If the receiver aperture diameter is so high, the surface becomes larger, 
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increasing heat loss due to convection, conduction, and radiation. Furthermore, as the intercept 

component increases, the minimum points of the receiver loss change to smaller receiver 

aperture diameter values. [34] 

 

Figure 13: losses in the SBP SYSTEM of 1000 W / m². [35] 

      

    Figure 14: solar dish Stirling engine losses by different components. [36] 

E. STIRLING ENGINE  

The Stirling engine is an external heat (or combustion) engine that converts heat from the shock 

absorber to the mechanical transmission in a manner similar to internal combustion engines 

[37]. In the following Stirling engine, heat is applied to the piston heater head externally, as 

opposed to internally in combustion engines [37]. Since the Stirling engine depends on an 

external source for heat input, the cycle acts as a closed system since the circulating fluid is 

contained in the cylinders rather than vented like the exhaust gases in internal combustion 

engines. [37] 

Advantages of Stirling Engines 
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 low vibrations. 

 the opportunity to use a variety of heat sources and combustion chambers that follow 

environmental standards. 

 They are safe because they do not have exploding boilers. 

 Water is not needed 

Disadvantages of Stirling Engines 

 Stirling engines do not operate right away. 

 They necessitate massive radiators capable of dissipating waste heat, making them 

inappropriate for some kind of uses. 

 

Stirling Engines Types 

Essentially, two kinds of Stirling engines were used to generate power: kinematics and free 

piston engines. The first, which is the power piston in kinematic engines, is connected by 

connecting rod, to the crankshaft attached to the connecting rod [38]. The power piston in 

kinematic engines is connected to the crankshaft by a connecting rod, which is fixed to a cross 

brace to remove lateral pressures against the cylinder walls. [38] 

Stirling engine configurations 

The three categories of Stirling engines are Alpha, Beta, and Gamma. 

The Alpha engine is functionally the simpler Stirling engine design, but it has the downside of 

requiring seals on both the hot and cold pistons to trap the operating steam. There are a range 

of mechanical mechanisms that enable this type of engine to run properly with the two pistons 

synchronized. [39] 

 The Beta engine consists of a single control piston and a displacer whose primary 

function is to "displace" the operating gas at specific pressure and move it around the 

expansion and compression spaces via the series arrangement cooler, regenerator, and 

heater. [40] 

 Gamma engines, like Beta engines, have a displacer and a power piston, but in separate 

cylinders. This makes for a practical total isolation of the heat exchangers connected 

with the displacer cylinder and the compression and expansion workspace associated 

with the piston. [41] As a result, they have somewhat unswept volumes compared 

to Alpha or Beta engines. [41] 



35 

F. REGENERATOR 

A regenerator is a metallic disk that is frequently used in Stirling engines to increase engine 

performance. [42] 

Because the working fluid is transmitted from the relaxation space to the compression space, 

the regenerator absorbs thermal energy. As a result, the work fluid is cooled before entering the 

compression space. When traveling from the compression space to the expansion space, the 

operating fluid is pre-heated, as the thermal energy is moved from the regenerator to it. A 

Stirling engine's regenerator will attain efficiencies of more than 98 percent, indicating that the 

operating fluid will begin from the regenerator's proximity to the temperature of the space it 

fills. [43] 

In addition, a regenerator does not increase a design engine specific power output, due to 

pressures losses around the regenerator. However, it leads to a marginal decrease in power 

output. The major increase in engine performance that a regenerator provides greatly outweighs 

the small decrease in specific fuel. 

G. STIRLING ENGINE’S WORKING FLUIDS 

Stirling engines typically utilize air, helium, or hydrogen as working fluids. The preceding fluid 

properties are used to choose a working fluid: thermal conductivity, specific heat, density, and 

viscosity. [44] As a matter of fact, in order to improve the heat transfer capabilities of the gas 

and the performance of the heat exchangers, it is imperative to use a working fluid with higher 

thermal conductivity, density, and real heat. [44] Indeed, these kind of fluids contains low 

density and viscosity, which minimizes pressure drop from the regenerator work area, and void 

space, while improving engine performance. [44] The high-performance working fluid Stirling 

engines are often powered by hydrogen or helium because they have higher thermal 

conductivity and heat capacity than air. In an engine, each of the four Stirling cycle cycles 

requires less than 10 milliseconds, so the choice of working fluid is strongly affected by the 

gas's thermal conduction. [44] 

With a value of 104 kJ1.5 / (kg0.5-K1.5- kmol), hydrogen has the maximum heat transfer ratio, 

followed by helium with 44, and eventually air with 29. In addition, an efficiency compared 

with helium shows that hydrogen for heat transfer, is expected to be the most effective working 

fluid. [45]  
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Viscosity and density of the working fluid are the variables that control pressure losses in work 

areas and the regenerator. [45] That is why, a working fluid with low viscosity and density, 

result in drops of lower pressure, improving thermal efficiency. Consequently, using hydrogen 

and helium as working fluid, will results in seal losses that would be greater and more difficult 

to manage. In addition, hydrogen presents another two additional disadvantages as it can 

penetrate into various materials, and cause hydrogen embrittlement. Additionally, this gas is 

combustible when in contact with oxygen. That is why, overall, hydrogen is the best choice to 

make. [45] 

H. THE CYCLE OF STIRLING 

The ideal Stirling cycle consists of four reversible processes inside, as shown in the figure below 

[46] 

 Process 1-2: represents isothermal compression at a temperature Tc, when the transfer 

of the heat from the working fluid to an external heatsink. 

 Process 2-3: Regenerator isochoric heating of working fluid. 

 Process 3-4: Isothermal expansion at a temperature of TH, when external heat transfers 

to the working fluid. 

 Process 4-1: Isochoric cooling, heat transfer from the fluid of work at the regenerator. 

 

Figure 15: Ideal Stirling Cycle: P-V and T-S diagrams [46] 
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In the heat input process, a regenerator with a theoretical efficiency of 100% stores and utilizes 

portion of the energy rejected in the 4-1 phase 1-2. In process 3-4, at a temperature of TH, heat 

is fed externally, and at temperature of TC, energy is rejected from the system, which leads us 

to process 1-2.  

I. COOLING SYSTEM 
The cooling system of a Stirling parabolic system eliminates the Stirling engine's thermal losses 

in order to lower the compression temperature and increase engine efficiency [47]. In fact, the 

most popular cooling system design for a system Parabolic Stirling is traditionally a radiator 

and fan with a pump and cooling fluid loop [47]. The most common cooling system design for 

a Stirling parabolic system is a radiator and a ventilator with a pump and cooling fluid loop 

[47]. 

J. CONCLUSION  
We concentrate on Stirling engine parabolic systems as a solar concentrating technology. We 

provide a very thorough presentation of the outputs of the parts of our studied system in this 

chapter (parabolic concentrator, receiver, regenerator, and cooling system). Among the 

successful electricity generation technologies are dish-Stirling-type concentrated solar systems. 

The terminal efficiency is comparatively high in terms of power. The ability to install this 

equipment in remote locations is also a benefit, since it is the solution to providing electrical 

power to places that are not served by traditional means. The Dish-Stirling plant also has the 

benefit of being built of materials that are more readily recyclable, which works well with the 

concept of sustainable production than many other renewables. At the same capacity, the energy 

cost of its output is also lower than that of a photovoltaic installation. There were relatively few 

issues with resistance to external elements found at the mechanical level. Stirling engines are 

also examples of dependability and durability, with relatively little maintenance and smooth 

running. 
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1. DESIGN OF THE LOW COST RESIDENTIAL SOLAR DISH STIRLING ENFINE 
USING CATIA V5 SOFTWARE 

 

CATIA launched as the in invention in 1977 by Avions Marcel Dassault, a client of the 

CADAM program at the time, to create Dassault's Mirage jet fighter. CATI later called CATIA 

in 1981 after Dassault formed a branch to produce and distribute the program. CATIA v5 is a 

platform for Integrated Computer Aided Engineering: 

– CAD, CAM, CAE, and other programs are included. A Design Environment That Really 

is Customizable – The ability to quickly edit designs and introduce modifications 

– Data collection and sharing assistance 

A. INTRODUCTION 

 

From what can be seen in Figure 16 and figure 17 , the concentrator of the solar dish system 

primary incorporates a support base, a dish frame, reflecting surface, and most importantly 

the sun-tracking system. Actually, the tracking system is composed of what we call a dual axis 

of the tracking system and it is the slew drivers. The first slew driver rotates the concentrator 

around the azimuth, While, the other slew driver makes the concentrator rotates around all 

the elevation angles. For the conversion unit, there are 2 methods for handling the whole dish. 

To minimize torque on the transmission mechanism, either place the base frame precisely at the 

center of gravity point of the whole dish or place it behind the dish. The current research 

employs the first methodology, that has been developed and applied by various industry 

organizations. The axes were purposely routed through the dish's center of gravity to prevent 

the use of counter weight and, as a result, to reduce the necessary driving torque. To have an 

effective unit, all of these components must work properly. However, from a financial 

standpoint, each of these components must be as affordable as possible. Particular consideration 

was given to lowering the expense of handling reflective surfaces. Reducing the overall cost for 

each unit, will lower the cost of the whole system.   
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Figure 16: dish and base support 

 

Figure 17: Transmission 

 

B. FRAME OF THE CONCENTRATOR 

The dish concentrator's frame can be made of trusses, and bars. The rectangular beam is used 

in this analysis to improve the construction activity. The dish's frame should hold the weight of 

the reflective surfaces and also wind loads, while still providing the least amount of overall 
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deflection throughout the beams because of the significant forces. In fact, high deflection has 

an effect on the thermal performance, because it changes the direction of the focal point. In 

order to get a solid shape, the rings are separated and there is a connection between the curved 

ribs, and the base ring through the radius, as shown in figure 18.  

 

 

 

 

 

 

Figure 18: Dish frame sector 

C.  THE SURFACE OF THE DISH (REFLECTING SHEETS)  

In order to get a surface that is reflective allowing the concentration of the solar radiations on 

the surface of the dish that actually convert the reflected radiations through a unit situated in 

the focal point of the dish [48], there should be a good selection of the material of the reflective 

sheets, this choice can either affect positively or negatively the performance of the system as a 

whole. Traditional used reflective surfaces are for example to glass, aluminum or stainless steel. 

Stainless steel sheets seem to be an acceptable option for balancing cost and quality. 

Furthermore, stainless steel sheets are simple to install, wash, and can withstand harsh weather. 

D. OPTIMAL CUTTING OF THE REFLECTIVE SHEETS 

Rings 

Ribs 

Base ring 
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Figure 19: An optimal cutting of the Stainless steel sheet   

 

In addition, the figure 19 illustrates that what creates varying sizes of reflecting facet, is the 

intersection of ribs and rings that must be removed from the stainless steel sheets. The size; 1.5 

m² is taken into account. It is worth noting that the larger facet is shaped at the sector's outermost 

tip.  Figure 18 depicts the situation where they are restricted to α= 24° and d for 1000 mm, 

respectively, for a dish diameter of 5 m. In this case using the Cutting Optimization Pro, the 

dish is split into 14 sectors, each with 5 reflecting facets and 70 flat patterns; landscape 

orientation requires 8 sheets. The average cost per m2 is around $50. 

E. STRESS ANALYSIS OF THE DISH  

The software ANSYS is an engineering software responsible for simulation and 3D design. 

With the help of a feature in the software I was able to import the concentrator from CATIA to 

do a stress of the solar dish. The maximum stress that can be applied on the dish is 98 and on 

the very edge it can reach more than 160. The stresses operating on the dish, are caused by the 

weight, and wind forces that are applied on the reflecting facets. We should also state that the 

wind speed is set to be 64,37 Kph in order to test the maximum stress over the dish.  
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Figure 20: Stress analysis using ANSYS software    

2.  RAY TRACING USING TONATIUH 

Tonatiuh is an open source, very accurate, and accessible that uses Monte Carlo ray method in 

order to trace solar concentrating systems. [49] It aims to help creating modeling the designs 

and also for studying solar concentrating systems. It also allows with the help of mathematica 

to process the output of tonatiuh to extract the values in order to make the necessary 

calculations. [49] 

We will use the following values for the parameters: 

dish: 

 Radius = 5 meters 

 Focal length = 6 meters 

 Receiver 

 Radius = 0.07 meters 

Steps of ray tracing: 

 STEP1: Creating Tonatiuh user interface 
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Figure 21: The first interface of the software after applying step 1 

 STEP2: dish modeling 

 

Figure 22: the creation of the dish  

 STEP3: Receiver modeling  

                                      

Figure 23: Modeling the Receiver 
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 STEP3: Modeling of direct solar radiation 

                        

  

Figure 24: Tracing of reflected and concentrated solar radiation 

3. CALCULATIONS 

a.      The solar concentrator                 

The characteristics of the concentrator are: 

- Diameter: 10 m 

- Projected area (collector), 79 m² 

- Focal distance: 6 m 

- Reflectivity: 94% 
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- with the value for irradiation I is 5000 W / m2  

 

The power of solar radiation received: 

                                       𝑃𝑜𝑤𝑒𝑟 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 =  𝐼 ×  𝑆                               (24) 

Where S is projected area of the collector 

                                                          𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 =  5000 ×  79 =  395000 𝑊         

The power transmitted to collector 

94% of the received power is reflected back to the collector 

                                            𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 =  𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 ×  𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦            (25) 

                                           𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 =  395000 ×  0.94 =  371300 𝑊         

b. THE STIRLING ENGINE 

In fact, this engine uses a gas that is responsible of absorbing heat from a hot source and then 

transferring it to a cold source, while also doing work on the alternator. The receiver ensures 

that the energy received from solar radiation is transferred to the gas as heat. 

The characteristics of the Stirling engine are: 

- Gas used: hydrogen. 

- Operating pressure: 100 bar 

- Operating temperature: 450 ° C 

- For I of 5000 W / m², the three-phase 400V-50Hz alternator provides useful electric power         

12.5kW. In total the power received is 70 kW 

 

 Device efficiency calculation 𝜂𝑇: 

    𝜂𝑇 =  𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 / 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑝𝑜𝑤𝑒𝑟                        (26) 

𝜂𝑇 =  12,5 / 70 

𝜂𝑇 =  0,1785 (~17.85 %) 

Stirling engine efficiency calculation ℎs 

 The efficiency of the alternator 𝜂𝐴 is 92% 

                            𝜂𝑇 =  𝜂𝐴 ×  ℎ𝑠                                                                                      (27) 
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                                ℎ𝑠 =  𝜂𝑇 / 𝜂𝐴                                                                                     (28) 

= 0,1785 / 0,92  

ℎ𝑠 = 0,194 (19.40%) 

Stirling engine cycle 

One revolution of the engine corresponds to a thermodynamic cycle. And the rotational speed 

of the motor is 1500 revolutions per minute. 1500/60 = 25 revolutions per second 

Duration of a cycle: 1/25 = 0.040 s = 40 ms 

Work W of the Stirling engine for one cycle: 

              𝑊𝑜𝑟𝑘 =  𝑝𝑜𝑤𝑒𝑟 ×  𝑡𝑖𝑚𝑒                                                            (29) 

 

The mechanical power supplied to the alternator is 10.5 kW 

W = 10.5 × 0.040 = 0.42 kJ = 420 J 

The theoretical Stirling cycle study:  

 

 

Figure 25: P-V diagram of the Ideal Stirling Cycle 
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To start with, in this section, we will determine the theoretical efficiency of a Stirling cycle. We 

note that the Stirling engine's theoretical cycle is made up of 4 reversible processes (two of 

which are isothermal). Dihydrogen is regarded as a perfect gas. On the (P-V) diagram in figure 

24, one of the isothermal transformations occurs at Tmin = 70 ° C, while the other occurs at Tmax 

= 45 ° C. 

At point C the pressure is 15.106 Pa and the temperature of 450 °C. 

The gas volume varies from 𝑉min = 184.5 cm3 and 𝑉max= 344.5 cm3. 

- Perfect gas constant: R = 8.32 J / mol. K 

We have  

- Isothermal compression work of an ideal gas: 𝑊1−2 = n.R.T Ln (𝑉1/ 𝑉2) 

- T (K) = 273 + T (° C). 

 

AB: isothermal compression where the gas exchanges heat with the cold source, temperature 

𝑇min = 70 ° C and it receives work. 

BC: isochoric compression (no work exchanged) 

CD: isothermal expansion where the gas exchanges heat with the hot source, 

temperature 𝑇max = 450 ° C. 

DA: isochoric (no work exchanged) 

 

Calculation of the number of moles of gas:  

     𝑃𝑉 =  𝑛𝑅𝑇    (29) 

𝐴𝑡 𝐶 

 𝑃𝐶 . 𝑉𝐶 =  𝑛. 𝑅. 𝑇𝐶 

𝑉𝐶 =  𝑉𝑚𝑖𝑛 

𝑇𝑐 =  𝑇𝑚𝑎𝑥 

𝑛 =  
𝑃𝐶. 𝑉𝑚  

(𝑅. 𝑇𝑚𝑎𝑥) 
=  

15.106 × 184.5 10 − 6

(8.32 ×  (650 + 273))
  

𝑛 =  0,30 𝑚𝑜𝑙 

 

Calculation of the pressure corresponding to point D of the diagram: 

The CD transformation is isothermal so:  

𝑇𝐷 = 𝑇𝐶 = 𝑇𝑀ax = 273 + 450 = 723 K. 
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𝑃𝐷= (n.R. 𝑇𝑀ax)/ 𝑉𝑀ax = (0.30 × 8.32 × 723) / 344.5 10-6 

= 5.2 106 Pa 

 

Calculation of the work 𝑊𝐴 − 𝐵 and the work 𝑊𝐶 − 𝐷 received by the gas during AB and CD 

transformations 

 

𝑊𝐴 − 𝐵 = ∫ −𝑃.
𝑉𝑚𝑖𝑛

𝑉𝑚𝑎𝑥  𝑑𝑉    (30) 

=  𝑛. 𝑅. 𝑇𝑚𝑖𝑛. 𝑙𝑛(
𝑉𝑚𝑎𝑥

 𝑉𝑚𝑖𝑛
)  

=  0.30 ×  8.32 ×  (70 +  273) 𝑙𝑛 (
344.5

184.5
) 

𝑊𝐴 − 𝐵 =  534,6 𝐽 

 

𝑊 𝐶 − 𝐷 =  ∫ −𝑃.
𝑉𝑚𝑎𝑥

𝑉𝑚𝑖𝑛

𝑑𝑉 

=  − 𝑛. 𝑅. 𝑇𝑀𝑎𝑥. 𝑙𝑛(
𝑉𝑚𝑖𝑛

 𝑉𝑚𝑎𝑥
) 

=  −𝑛. 𝑅. 𝑇𝑚𝑖𝑛 . [𝑙𝑛 𝑉]
𝑉𝑚𝑖𝑛

𝑉𝑚𝑎𝑥
  

=  𝑛. 𝑅. 𝑇𝑚𝑖𝑛. 𝑙𝑛(
𝑉𝑚𝑖𝑛

 𝑉𝑚𝑎𝑥
) 

𝑊 𝐶 − 𝐷 =  (0.30 ×  8.32 ×  723) 𝑙𝑛 (
184.5

344.5
) 

𝑊 𝐶 − 𝐷 =  − 1126.8 𝐽 

 

During these same transformations, the quantity of heat 𝑄𝐴 − 𝐵 and 𝑄 𝐶 − 𝐷 received by the 

gas  

In the isothermal evolution of an ideal gas, the energy of an ideal gas is dependent of the 

temperature, while the internal energy of the gaps stays the same.   

 

∆𝑈 =  𝑄 𝐴 − 𝐵 +  𝑊 𝐴 − 𝐵 =  0;  𝑄 𝐴 − 𝐵 =  − 𝑊 𝐴 − 𝐵 =  − 534,6 𝐽    (30) 

∆𝑈 =  𝑄 𝐶 − 𝐷 +  𝑊 𝐶 − 𝐷 =  0;  𝑄 𝐶 − 𝐷 =  − 𝑊 𝐶 − 𝐷 =  1126 ,8𝐽      (31) 

 

Calculation of the work received by the gas during a cycle 
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𝑊𝑡𝑜𝑡 =  ∑ 𝑊𝑖  =  𝑊 𝐴 − 𝐵 +  𝑊 𝐵 − 𝐶 +  𝑊 𝐶 − 𝐷 +  𝑊 𝐷 − 𝐴 =  534,6 +  0 –  1126,8 +  0   (32) 

 𝑊𝑡𝑜𝑡 =  − 592,27𝐽 

the theoretical thermodynamic efficiency 𝜂𝑡ℎ of the engine 

It is assumed that the heat is only supplied to the gas during the CD transformation. 

                                                                       𝜂𝑡ℎ =  𝑊𝑡𝑜𝑡 / 𝑄 𝐶 − 𝐷   (33) 

       = 592,27/ 1126,8 

                                                               𝜂𝑡ℎ =  0,52 (52%) 

(This theoretical efficiency is, for modeling reasons, much higher than the real efficiency)  

4. FINANCIAL AND PERFORMANCE SIMULATION USING SAM  

A simulation model is used to assess the technical and the economic aspects of the 

designed solar dish system. The SAM (System Advisor Model) is a simulation software that 

was selected because of its ease of use, reliability, and accessibility. The SAM is an output and 

economic model that assists the clean energy sector. Furthermore, the SAM can be used to 

forecast results and LCOE for grid-connected and off grid one. The cost calculation is based on 

the maintenance and implementation costs, and the operational output is based on the system's 

input data [51] [52]. The figure 26 is an illustration of the input and output of the software SAM.  
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Figure 26: input and output of SAM software  
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A.  DAILY PERFORMANCE OF THE SYSTEM SIMULATION   

 

          Table 1: The parameters of the concentrator  Table 2: The parameters of the receiver 

The parameters of the concentrator 

The diameter (m) 10 

The Depth (m)  0.4 

Reflectivity (%) 94 

Focal diameter (m) 5 

Rim angle (rad) 0.60 

 Projected area (m²) 79 

 

             Table 3: The parameters of the concentrator 

 

 

 

 

 

                                                             

 

 

 

Figure 27 depicts the monthly weather details for Marrakesh city, including wind speed and 

temperature (ambient). The average wind speed and temperature of the monthly basis are 9.90 

Kmph and 23 C°. The simulation of the system was conducted on a summer day in Marrakesh, 

The parameters of the receiver 

The diameter (m) 0.25 

Thickness Insulation (m)  0.1 

Reflectivity (%) 94 

Cavity absorptance (m) 0.5 

Cavity Length (m) 1.2 

Cavity Diameter (m) 0.27 

The parameters of the engine  

Capacity of Engine (kW)  37 

temperature of Heater 

head (C°) 

826,85 

speed (rpm) 1600 

Displaced engine 

volume (m3 )  

0.00034 

working fluid Hydrogen 
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Morocco. The latitude of this city is 31° 38' 2 N, and the longitude is -7° 59' 59 O. As shown in the 

figure 27. The average ambient temperature is of 23C° and the average DNI is of 660W/m². This 

values refer to 14 June of the year 2019. For this day the output of the system using the software 

has shown that there is an increase in the thermal output of the receiver during the day hours 

from 12pm to 6 pm. This increase is due to the rise to temperature and also to the DNI. The 

peak is reached during 1pm to 2pm. After this peak, the system will start decreasing very fast 

especially after 6pm.   

 

 

 
Figure 27: output of SAM software concerning temperature and wind speed 

 
 

Figure 28: output of SAM software concerning DNI and ambient temperature changes during 

the day  
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                          Figure 29: the output of the thermal output power of the receiver   

 

B.  LEVELIZED COST OF ENERGY 

In order for a product to be successful, it should meet all or at least the maximum of what the 

market requires and demands. The cost of this system should actually be very affordable due to 

the fact that the study aims to create a low cost system that can be implemented in the residential 

sector. The following equation depicts the equation that was used by the software in order to 

calculate the LCOE. This indicator is one of the best when it comes to calculating the economic 

side of energy projects. The parameters along with the costs that were used are stated in the 

table 4. We should note that the costs related to the area of construction are estimated to be null 

because this system is considered as residential. We are also going to ignore the taxation part 

due to the fact that it is considered as auto production.   

𝐿𝐶𝑂𝐸 =  
∑

𝐶𝑛
(1+ d)𝑛   

𝑁
𝑛=0

∑
𝐶𝑛

(1+ d)𝑛   
𝑁
𝑛=0

             (33) 

Where:  

 

Cn        = cost in period n:  

d         = annual discount rate.  
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Table 4: The economic parameters for the LCOE calculation 

 

 

  

                   Figure 30: the output of the software concerning LCOE    

 

The output gave an estimation of 0.15$/kWh. This value is actually considered a very good 

and low one as many studied have shown that the LCOE can be over 0.2 $/kWh. Also, we 

should be aware that the LCOE value was affected by the DNI value that is considered high in 

the city of Marrakesh.  

 

 
 

 Value  reference 

The dish ($/kW) 600 Study  

The Stirling engine ($/kW) 450 [53] 

Fixed cost of O&M ($/kWyear) 35 [53] 

Lifetime (years) 35 study 

Generated electricity by year (MWh) 37 Study  

The discount (%) 5 [54] 

The degradation per year (%) 0.2 [53] 
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5. CONCLUSION 

The Moroccan government has begun to position renewable energy at the forefront of its 

priorities, especially in light of rising oil prices, which pose a challenge to the country's 

economic balance and energy security. As a result, the switch to renewable energy is seen as a 

benefit for Morocco, as it will help the country avoid plenty of economic, diplomatic, and 

environment issues. Numerous methods have already been applied to generate electricity from 

renewable resources including the solar, tidal, as well as other clean energy sources. Solar 

energy is the most commonly utilized possible source; hence, scientific studies in the area of 

clean energy has concentrated mostly on capacity to change irradiated power into electricity. 

Even though the exploitation of CSP technology for residences is still being researched, but it 

may constitute a big potential of green technology due to their being appealing success when it 

comes to efficiency. CSP is used in a wide range of applications, including dish Stirling devices. 

Throughout this research the mechanical part took a big importance as it was mandatory to have 

a mechanical overview in order to be able to find areas where the cost can be reduced. In this 

paper the area that made it possible to reduce the cost was the cutting and the shape of the 

reflecting sheets, and a special attention was given also to the material used. The other part of 

the study was about the Simulation of the performance of the designed solar dish using 

TONATIUH software and the Wolfram Mathematica that made it possible to do to extract the 

data from the TONATIUH simulation. A thermal analysis of the engine was done. Finally, the 

study used the SAM software in order to estimate both the day basis performance of the system 

designed, and also the LCOE rate.   
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6. FUTURE WORK 

More research can be done in the area of studying the geometry of the concentrator, as this one 

is responsible for the efficiency of the whole system. In addition, a big attention should be given 

to the geometry of the receiver, as this one causes many losses to the whole system. Further, 

there should be a financial study, a clear business plan when it comes to implementing this 

technology in any household or even in commercial sector, this financial analysis will make it 

possible for researchers to find new ways to optimize the material used in by that that can 

guarantee a very effective system with an affordable price. Finally, a detailed study of the power 

produced by the unit is needed in terms of choosing the right capacity of the system to be used. 

For domestic uses, the energy usage of every power utility of the household (cooking, cleaning, 

lightening, air-conditioning) must be evaluated to decide on the sector that the dish Stirling 

system is able to work on, or maybe even help in the implementation of a powerful unit that 

will have the ability to cover all the sectors.  
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Appendix 

The initial specification of the Capstone  
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Drafting of the designed dish 
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