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Abstract: This paper dealt with the design and the analysis of a preliminary heliostat field layout with reduced 

optical losses caused by the blocking and shading effects. The developed heliostat field configuration is 

simulated in a region of southern Tunisia (latitude: 30.25°N, longitude: 9.55°E), the simulation time was chosen 

to be the two equinoxes and the two solstices. The code is validated according to a ray tracing method.  

The developed heliostat field configuration operate with 0% losses due to shadowing effect on March 21st from 

11 am to 4 pm, June 21st from 9am to 5 pm, 21st September from 11 am to 4 pm. Even on December, the 

number of heliostats causing shadow to their neighbors from 10 am to 3 pm is very low.  
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1. Introduction :  
The energy demand is increasing in strength over the world, together with economic growth and environmental 

pollution. Concentrated solar power technologies can generates about 7% of the worldwide electricity demand 

by 2030 and it may achieve 25% by 2050 [1]. Central receiver technology presents an attractive method to 

generate an important concentration ratio of a solar radiation and consequently a high temperature (1000°C). A 

lower density incident radiation is reflected by a high number of reflective surfaces (heliostat) onto a reduced 

receiver surface located on the top of the tower. Inside the receiver, the high density solar radiation collected is 

transferred to a heat transfer fluid, which drives a thermodynamic cycle for power generation. 

The heliostat field is a very specific distribution of a large number of reflective mirrors; its arrangement should 

be very precise due mainly to the individual heliostat motion and to the geographical coordinates of the 

installation. Due to the high number of heliostats, the reflective surface constitutes the major portion of the total 

cost of the central receiver system CRS [2]. Heliostat field admits a high number of degrees of freedom which 

cause about 47% of the annual CRS energy losses [3]. 

A large number of numerical and experimental studies have been performed on CRS; Corey J. Noone et al. [4] 

have developed a new computationally efficient heliostat field layout model. All optical losses were detailed in 

this paper; the existing central receiver power plant PS10 was analyzed. Results show that the developed model 

was able to improve the PS10 efficiency by 0.36% and to reduce the land area by 15.8%. 

A new graphical method to generate a no-blocking heliostat field layout was developed by Siala and Elayeb [5]. 

Based on a simple mathematical method; the designed model of CRS proposed a heliostat field distribution with 

no blocking due to the emplacement of heliostats in the field. 

In the same context, a new code for the design and the analysis of the heliostat field layout was proposed by 

Xiudong Wei et al. [6] whose aim was the amelioration of the response speed of the design and the optimization 

of the heliostat field. An improvement of the existing PS10 layout was detailed. Results showed that, in case of 

an ideal reflective mirror shape and a perfect tracking system, the spherical heliostat field distribution is less 

efficient than the toroidal one. 

A further field generation methodology was proposed by Yao et al. [7] which aims to reach the maximum optical 

efficiency. In addition to optical interference, the proposed model took into account the economic effect on the 

heliostat field configuration. 

Firstly, Yao et al. developed a calculation model for the mean annual optical efficiency, this model was able to 

carry out the exact numerical calculation of the heliostat optical efficiency and especially blocking and shading 
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efficiency. Then, this proposed model was used to develop a new heliostat field layout generation methodology 

and validated by rearranging the PS10. Simulation results proved that the mean optical efficiency of the 

rearranged heliostat field was improved by 0.57% comparing to PS10 design.  

A recent CRS study, developed by Eddhibi at al. [8], proposed a mathematical method that allowed the reduction 

of the complexity and the running time of the blocking and shading calculation procedure. 

Due to the importance of heliostat field losses on overall power plant efficiency, the aim of this paper is to 

design and analyze an efficient heliostat field layout with minimum losses due to the shading and blocking 

effect. Once we estimated the heliostat field characteristics, an optical analysis was necessary to study the 

behavior of the heliostat field towards the daily sun motion. This calculation process allowed to account for all 

optical losses affecting the overall field efficiency. The developed heliostat field configuration is simulated in a 

region of southern Tunisia (latitude: 30.25°N, longitude: 9.55°E) candidate to host a solar tower power plant. 

The simulation time was chosen to be the two equinoxes and the two solstices. Finally, the developed code was 

validated by a ray tracing method. The choice of this region was not arbitrary: Tunisian climate offers efficient 

operating conditions for concentrated solar power plant with a high potential of DNI especially in the south. In 

addition, Tunisia location is ideal; it offers the possibility to transfer such kind of energy to the European market 

due to its proximity to Italy [9]. 

2. Optical performance of central receiver system: 
The evaluation of the CRS optical efficiency is a complicated process due to the significant number of heliostats, 

the individual motion of each heliostat, the distance between the receiver and the mirror field as well as the 

limited receiver surface compared to the heliostats field. A new model is detailed, which allows for considering 

all optical losses affecting the overall efficiency of the CRS (attenuation, spillage, cosine, blocking and shading). 

The instantaneous efficiency is defined as the product of all optical efficiencies [4]. η = ηୡ୭ୱ ×  ηୟ୲୫ ×  η୰ୣ  ×  ηୱୠ  ×  ηୱ୮୧୪୪ୟୣ (1) 

 

2.1 Global coordinate system: 

The solar coordinate system includes all the geographic coordinates: latitude, longitude, altitude and time. 

Referring to these details, the sun's position is defined by two angles: azimuth and zenith. The vector sun 

position is defined by the normalized vector: s = (sଵsଶsଷ) = ቌs�nሺ�ሻ ×  s�n ሺ�ሻs�nሺ�ሻ ×  cosሺ�ሻcos ሺ�ሻ ቍ 

 

(2) 

 

2.2 Local coordinate system : 

The Cartesian coordinates system (3D) is defined as follows: the x-axis is focusing from the west to the east, the 

y-axis is from the south to the north and the z-axis is from the ground to the sky. 

The local coordinate system is represented by the coordinates of each heliostat; the position of the heliostat is 

defined by its Cartesian coordinates (x, y, z). The distance between a heliostat and the tower is calculated by the 

equation below. �୮୭ୱ୧୲୧୭୬ = √x୦ଶ + y୦ଶ + z୦ଶ 
 

(3) 

The heliostat’s altitude is defined by the angle between the horizontal plane passing through the center of the 

heliostat and the reflected rays: Al୦ = atan ሺሺH୲୭wୣ୰−zሻ�୮୭ୱ୧୲୧୭୬ ሻ 
            (4) 



 
Fig.  1. Local coordinate system 

3. Design of heliostat field:  
A new code was developed in order to obtain an efficient distribution of a heliostat field with the minimum 

shading and blocking optical losses. This developed code is a combination between the calculation method 

validated and published previously by Eddhibi et al. [8] and other published works [5, 6, and 10]. 

In addition to optical losses, many other conditions should be taken in consideration during the design of the 

heliostat field layout such as area requirement, accessibility of the operation and maintenance machines… 

 
3.1 Design methodology:  

In a first step, radial stagger distribution was chosen as the optimal heliostat field layout as proposed by Collado 

et al.[10,11] and Siala et al. [5] It is an efficient configuration; it reduces the land consumption and the 

shading/blocking optical losses. First rows present a high heliostats density contrary to rows located far from the 

tower, where the spacing between neighboring heliostats increases.  

Heliostat field layout is made of circular concentric rows, the optimum first row radius is defined as [12]:  R୫୧୬ = Ͳ.8 ×  H୲ (5) 

The radial increment was maintained constant, equal to the minimum radial distance between two consecutives 

rows allowed by mechanical constraints:  ∆R୫୧୬ = Dୡ cos ͵Ͳ° (6) 

 

Azimuthal spacing is calculated as follow; in 2D, each heliostat is assumed to be circular with a characteristic 

diameter (Dc) defined as the diagonal of heliostat surface in addition to a separation distance.   

The minimum separation distance was defined by Collado et al. [12] as the ratio of the distance between two 

neighboring heliostats by the heliostat length. s୫୧୬ = ʹf − √ͳ + f ଶ (7) 

 

The second step is the reduction of blocking and shading effect: a previous paper [8] dealt with a new method for 

the calculation of the blocking efficiencies. The developed method was validated using the PS10 power plant 

parameters [8]. Starting from this designed heliostat layout, the developed configuration would expand 

progressively to reduce the blocked/shaded surface.  

 



 
Fig.  2. Basic parameters of heliostat field 

Two basics parameters should be considered in this process: the azimuth spacing and the radial distance. The 

increment of the azimuth spacing is made by the increase of the safety distance between adjacent heliostats. In 

case of radial distance, the procedure of the heliostat coordinates generation should take into account the spillage 

losses, atmospheric attenuation and cosine losses. However, once the spacing between heliostats becomes 

important, additional heliostat can be added.  

 

3.2 Description of the developed configuration:  

The heliostat field configuration consists of a central tower surrounded by 3132 heliostats, the field 

characteristics are detailed in the table below. Heliostats are arranged in 43 rows surrounding the tower. Each 

row is specified by its number of heliostat, its radial distance as well as the latitude relative to the receiver. In a 

same row, the heliostats are equidistant. 

Figure 3 shows a 2D arrangement of the heliostat field, the coordinates x and y are estimated in meter.  
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Fig.  3. Heliostat field distribution 

Table 1: Characteristics of developed heliostat field. 

Total number of heliostats 3132 

Heliostat surface [m²] 64 

Number of rows 43 

Minimum radius of the heliostat field [m] 129.7637 

Maximum radius of the heliostat field [m] 613.0768 s୫୧୬ [m] 2 

 

4. Code Validation:  
The purpose of this paragraph is to validate the results obtained through the developed optical simulation, 

designed heliostat field was simulated by ray tracing software and then compared to those obtained by the 

method we are proposing. 

 

4.1 Ray tracing method:  

It is a Monte Carlo ray tracing software for the optical simulation of solar concentrating power systems.  

Simulation input data are: the collector geometric parameters, the location coordinates (which are useful to 

calculate the sun position), the number of incident rays, random generation method and the tracking system 

characteristics. This software is able to quantify every photon launched impinges on a surface and to generates a 

table made of seven-triples of real numbers in addition to the power per photon. Then, a second computational 

software is needed to analysis the simulation outputs and to calculate the flow of photons focused on the receiver 

surface. In addition, an ECMA script code is necessary to introduce the time variation and to reduce the output 

complexity [13] 

Once the configuration of the tower and capture field is developed in 3D, the software is used to simulate the 

optical behavior of the system under different conditions such as: 

- The sun position (elevation, azimuth  ...), which defined the direction of the incident solar radiation. 

- The direct normal irradiation rates which defined the rate of solar power radiation estimated on a normal 

surface to the direction of incident solar radiation. 

 



 
Fig.  4. 3D heliostat field built using ray tracing software 

4.2 Validation:  

All simulation inputs are assumed to be the same in both methods; the DNI value is fixed to be 1000W/m², the 

geographical installation coordinates (latitude, longitude) and the simulation date. In both cases, the sun position 

is estimated by the software itself. In the case of ray tracing method, an ECMA script code was developed to 

calculate the influence of the sun motion during the day and to reduce the output complexity. 

Tables below illustrate the error detected comparing the two simulation process, this error is defined as: e = η,ୡ୭ୢୣ − η,η,ୡ୭ୢୣ × ͳͲͲ 
 

(8) 

 

Results accessible on the table below present a good agreement between two simulations outputs; the detected 

error doesn’t exceed 6.5%. The analysis of the results proves that, in case of a high incident angle, the detected 

error is higher. This difference can be due to the fact that ray tracing software generates a random incidence sun 

light (random generator is Mersenne Twister). Although, in both cases the two calculations procedures were 

based on the same principle: the heliostat surface reflects the incident rays to the receiver according to the Snell-

Descartes Low. The application of this method is different: 

 In Matlab simulation case, each heliostat corner is projected to the receiver surface, the projected area is 

assumed to be polygon due to the sun shape. 

In ray tracing case, each heliostat is defined by its reflective surface and a tracking system.  The tracking system 

is characterized by its rotation type (the axe of rotation) and the aiming point. 

Table  2 : Global optical efficiency comparison, developed code vs ray tracing software 

   21
st
 March 21

st
 June 21

st
 Sept 21

st
 Dec 

time ��,ࢋࢊ�ࢉ ��,� e% ��,ࢋࢊ�ࢉ ��,� e% ��,ࢋࢊ�ࢉ ��,� e% ��,ࢋࢊ�ࢉ ��,� e% 

7 0.49 0.48 2.02 0.53 0.49 6.08 0.54 0.52 3.39 0.47 0.45 4.98 

8 0.49 0.48 3.39 0.57 0.54 5.55 0.57 0.55 1.85 0.47 0.45 4.99 

9 0.55 0.54 2.19 0.61 0.61 0.25 0.57 0.56 1.41 0.48 0.46 6.47 

10 0.59 0.58 2.49 0.63 0.62 0.69 0.60 0.59 1.70 0.51 0.51 0.77 

11 0.62 0.60 1.39 0.65 0.65 0.10 0.62 0.61 0.90 0.52 0.52 0.63 

12 0.63 0.61 1.63 0.66 0.66 0.60 0.63 0.62 0.75 0.52 0.52 0.51 

13 0.64 0.62 1.05 0.67 0.67 0.07 0.64 0.62 1.56 0.52 0.53 0.07 

14 0.64 0.62 1.63 0.67 0.67 0.08 0.64 0.63 0.97 0.52 0.53 0.11 

15 0.63 0.61 1.60 0.66 0.66 0.32 0.63 0.61 2.46 0.52 0.51 1.98 

16 0.62 0.61 0.34 0.64 0.65 0.98 0.61 0.60 1.64 0.51 0.51 0.09 

17 0.59 0.59 1.51 0.63 0.61 2.20 0.59 0.57 2.61 0.47 0.46 3.82 

18    0.59 0.57 4.70 0.53 0.52 1.33    

19    0.5 0.50 3.07       

 

5. Optical heliostat field efficiency:  
The heliostat field optical efficiency depends on the daily sun motion as well as the variation of sun height from 

one season to another.  



 

5.1 average daily shading and blocking efficiency analysis:  

A detailed analysis of all optical losses that arise due to motion of the heliostat tracking system from sunrise to 

sunset is developed. To ensure the consideration of all these parameters, the time of the simulation is chosen to 

be March 21st, June 21st, September 21st and December 21
st
. The developed heliostat field configuration is 

simulated in a region of southern Tunisia (latitude: 30.25°N, longitude: 9.55°E). The simulation time step is 

chosen to be 1 hour, consequently the daily average optical efficiency is calculated as follows: η୭୮୲ = ∑ ηnsN୳୫ୠୣ୰ ୭ ୧୲ୣ୰ୟ୲୧୭୬ (9) 

 

The detailed analysis of optical losses is a delicate process due to the large number of variables such as the 

number of reflective mirrors, heliostat coordinates, sun position…. 
The developed method aims to create an efficient heliostats field distribution with a minimum shading and 

blocking losses. The calculation method of the blocking/shading method is summarized in the organization chart 

below. The value of the shading/ blocking efficiency is defined as follow: ηB୪୭ = ͳ − Sୠ୪୭ୡ S୦ୣ୪  
(10) 

 

 ηୗ୦ୟୢ = ͳ − Sୱ୦ୟୢ S୦ୣ୪  
(11) 

 

The analysis of the shading effect shows that the heliostat field is highly efficient; the shading efficiency varies 

from 0.952 to 1. This means that the shaded areas are reduced and they may reach the zero value. 

 

21
st
 March 21

st
 June 

 
 

Fig.  5. Distribution map of the daily average shading efficiency for March 21st and June 21st  

 

Simulation results prove that the daily average shading effect is low in June 21st compared to values obtained on 

March 21st. Although this variation is relatively small (0.01), the heliostat field configuration can be considered 

more profitable during summer. 

As regards the blocking losses, only the North area of the developed configuration is affected by this type of 

loss. In the first case (21st March), blocking efficiency is in the ranges is of 0.395 to 1. The heliostats located in 

the southern part of the field track the sun motion without generating the blocking effect to their neighbors. The 

results of the simulation of June 21st show that the blocking efficiency varies between 0.428 and 1. 
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Fig.  6. Distribution map of the daily average blocking efficiency for March 21st and June 21st 

5.2 Hourly shading and blocking efficiency analysis:  

In the previous step, each simulation generates the daily average of 5 types of optical losses. Therefore, reducing 

the step time, the number of sunny hours and the seasonal variation amplify the quantity of results. To reduce 

this complexity, only a few significant hours of the day (morning, noon, afternoon) will be analyzed in this 

section. 

A detailed analysis of heliostats behavior throughout the day proves that the developed distribution of reflective 

mirrors minimizes the effect of blocking and shading optical losses. 

Figure 19 shows that at low incidence angle, the field operates with 0% shading losses. On March, June and 

September, the simulation results prove that there is no detection of heliostats that cause shadow to their 

neighbors. 

Similarly for blocking, the number of heliostats causing the blocking effect is low on 21st June, it does not 

exceed 200 heliostats. 

 

Fig.  7. Number of heliostat generating shading to their neighbor 
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On the contrary, on December the number of heliostats subject the blocking effect is high, it can exceed 2 400 

heliostats. The calculation process is iterative; the number of heliostats obtained is the sum of all cases detected 

along the day. 

 
Fig.  8. Number of heliostat generating blocking to their neighbor 

 

December 21st at 8 am, the sun elevation is low. The developed model has not detected any case of blockage. 

Similarly to March 21st, the number of heliostats causing the blocking effect is small with reduced blocked 

surfaces. 

On September and June, at 8am, the incident rays reach the heliostats with a high angle of incidence. To obey the 

law of Snell -Descartes, the heliostat inclination angle must be low, which improve the blocking phenomenon. 

June 21st, only the southern part of the heliostat field is affected by the blockage. All heliostats of the northern 

region admit a significant tilt angle. In this region, the blocking rate is zero, the blocking efficiency is 1. 
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Fig.  9. Distribution map of the hourly average blocking efficiency at 8 am 

The comparison between the distributions of the blocking efficiency illustrated below shows the effect of the sun 

height on the phenomenon of blocking. On June 21st, the sun is higher than other days, which proves the low 

optical loss by blocking effect.  In December, the sun height is low. The sun is always in the southern region, the 

northern heliostat field part is affected by blocking with values ranging from 0.063 to 0.674. 
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Fig.  10. Distribution map of the hourly average blocking efficiency at noon 

During March and September, the sun height variation is insignificant in the considered region which generates 

two comparable distributions. 

In the afternoon, the sun is located on the south west region of the heliostat field. 

June 21st, the blocking efficiency is low with values higher than 0.8. The blocking loss distribution is spread 

over a reduced portion of the field; the number of heliostats affected by blocking is low. 
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Fig.  11. Distribution map of the hourly average blocking efficiency at 4 pm 

Simulation results show that the developed heliostat field configuration managed to operate successfully with 

0% losses by shadowing effect for March 21st from 11 am to 4 pm, for June 21st from 9 am to 5 pm, for 21st 

September from 11 am to 4 pm. Even on December, the number of heliostats causing shadow to their neighbors 

from 10 am to 3 pm is very low, and is inferior to 321. 

Results of this simulation are detailed below; at 8am, the sun is in the east with low elevation. The western part 

of the field is affected by shadowing, except for December 21st, no cases are detected. June 21st, the shading 

efficiency is greater than 0.672, and is enhanced on March 21st until 0.278. 
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Fig.  12. Distribution map of the hourly average blocking efficiency at 8 am 

At noon, the field configuration is reliable; the heliostats track the sun motion and focus incident ray on the 

receiver surface without generating the shadow to their neighbors. In the case of 21st December, only 25 

heliostats were detected with a shading efficiency higher than 0.988. 
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Fig.  13. Distribution map of the hourly average shading efficiency at noon 

 

In the afternoon, the efficiency is increasing but it is still weak. It varies between 0.80 and 1 (Fig. 26). 
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Fig.  14. Distribution map of the hourly average shading efficiency at 4 pm 

6. Conclusion: 
In this paper, a new code for the design and the analysis of a heliostat field layout was developed.  

With reference to a previous work, a method recently validated using the PS10 database, an efficient heliostat 

field configuration was designed with the aim of reducing optical losses due to the blocking and shading. The 

new configuration is made of a cylindrical tower, surrounded by 3132 heliostats arranged in 43 rows.  

In a second step, the optical analysis of the new developed configuration was necessary to study shading and 

blocking optical losses. The average daily analysis showed that the comparison between different simulation 

results (21st March, 21st June, 21st September and 21st December) didn’t present a significant variation; the 
difference was within an accuracy of +/-0.01.  

A detailed analysis of heliostats behavior throughout the day proves that the developed heliostat field minimizes 

the effect of blocking and shading optical losses. On March, June and September, the simulation results prove 

that there is no detection of heliostats that cause shadow to their neighbors. Similarly for blocking, the number of 

heliostats causing the blocking effect is low on 21st June, it does not exceed 200 heliostats. 

The simulation results show that the developed heliostat field configuration managed to operate successfully 

with 0% losses by shadowing effect on March 21st from 11 am to 4 pm, June 21st from 9 am to 5 pm, 21st 

September from 11 am to 4 pm. Even on December the number of heliostats causing shadow to their neighbors 

from 10am to 15h is very low, inferior than 321. 

This paper can be a preliminary study of solar tower power plant in the region of southern Tunisia. 
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Nomenclature  

 

s sun position vector, m 

Alh heliostat altitude, ° 

Azhel heliostat azimuth, ° 

hposition heliostat position, m 

Htower tower height, m 

B angle of inclination, ° 

dist distance between the tower and the heliostat, m 

DNI Direct Normal Irradiation 

N photon number  

CRS central receiver system 

R distance between the tower and the row, m 

Rmin first row radius, m 

Ht height of the aiming point, m 

Dc characteristic diameter, m 

D heliostat diagonal, m 

smin minimum additional separation distance, m 

f heliostat width to length ratio  

SSp Spilled surface, m² 

Sbloc Blocked surface, m² 

Sshad Shaded surface, m² 

Shel Heliostat surface, m² ߟ௦ cosine efficiency ߟ௧ atmospheric attenuation efficiency ߟ௧ optical efficiency ߟ reflectivity efficiency ߟ௦ shading and blocking efficiency ߟ௦�  spillage efficiency ߟ�௦ instantaneous efficiency ��,ࢋࢊ�ࢉ Global efficiency resulting from developed code ��,� Global efficiency resulting from ray tracing software ߠ� incident angle, ° 

α solar azimuth, ° 

γ solar zenith, ° 
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