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Abstract. This study aims to develop a mathematical algorithm to simulate the heliostat field behavior in solar tower 

power plants in order to estimate the optical loss mechanisms of these systems and consequently to assist in new 

projects design. The loss mechanisms calculated in the code are reflectivity, cosine effect, atmospheric attenuation, 

spillage, blocking and shadowing; according to the geographical location of the plant and the mirrors arrangement in 

the field. In result, it is performed a case study investigating different configurations in fields located at low latitudes: 

a circular layout a southern layout, which have achieved an annual efficiency of 67.0% and of 60.3%, respectively. 

 

Keywords: Optical Losses, Heliostat Field, CSP, Solar Tower Plant, Mathematical Algorithm 

 

1. INTRODUCTION 

 

In today’s world, energy is directly linked with a number of global challenges such as climate changes, conflicts 

between nations, world economic stability, and food security.  Therefore countries around the world are increasingly 

investing in new technologies for the production of clean and renewable energy. In this context, solar energy has played 

an important role in complementing the world's energy demand and, subsequently, contributing to fossil fuels 

replacement. 

Concentrating solar power (CSP) systems, such as parabolic trough collectors, Fresnel collectors, solar dish 

collectors and central receiver systems (solar tower power plants) are promising sources of clean energy. 

Concentrating solar power (CSP) is an electricity generation technology that uses heat provided by solar irradiation 

concentrated on a small area. Using mirrors, solar energy is reflected into a receiver where heat is collected by a thermal 

energy carrier and subsequently used to generate electrical energy power in a turbine or other thermal engine. (Wagner, 

2008). 

Solar power tower technology has a considerable advantage over other CSP systems due to its ability to achieve 

high operating temperatures, resulting in greater power cycle efficiencies (Besarati, 2014). This technology is a 

concentrating solar energy application that produces electrical energy using solar radiation fluxes in high concentration 

- about a thousand times the average solar radiation - that are reflected by large mirrors (heliostats) on a receiver located 

on top of a tower. A heat transfer fluid (HTF) is used to absorb the thermal energy of the receiver and can be used to 

generate electricity in traditional cycles such as Rankine and Brayton (Wagner, 2008). A solar tower power plant is 

shown in Fig. 1. 

The main focus of this study will be the heliostats field which represents a key subsystem in solar power towers 

because it normally contributes about 50% to the total plant cost and accounts for 40% of the power losses (Collado and 

Guallar, 2012b). Therefore the use of computational programs that calculate the loss mechanisms of these systems in an 

efficient way achieve great interest to optimize the design of the solar plants. 

Regarding the solar resource, CSP technology is particularly indicated in regions with high values of Direct Normal 

Irradiance (DNI). DNI is an essential component of global irradiance and represents the amount of irradiation received 

from the sun without having been scattered by the atmosphere and focused on a plane normal to the sunlight direction 

(Blanc et al., 2014). 

In this work, a computational algorithm is developed that applies mathematical methods to estimate the loss 

mechanisms present in heliostats field of solar tower power plants. The main objective of this study is investigate the 

behavior of distinct heliostat field configurations at low altitudes. Therefore, the algorithm estimates the field efficiency 

and, consequently, the predict power generation. 
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Figure 1. Schematic diagram of solar tower or central receiver system (Purohit and Purohit, 2017) 

 

After estimating the efficiency and the instant power for all the time intervals over a year, it is possible to identify 

the annual energy production for a solar tower plant and indicate the feasibility of new plants installation for electric 

power generation. 

The authors believe that studies such as this paper have great importance to enable the CSP energy generation in 

some regions of the Brazilian northeast that have high DNI incidence (over 2000 kWh/m²year), such as the western 

mesoregion of Rio Grande do Norte. 

  

2. METHODOLOGY 

 

The algorithm described in this work was developed in MATLAB and uses some functions of this platform in order 

to calculate some processes described in the literature.To simulate the behavior of the heliostats field in central tower 

plants, this work is divided into two parts: the first describes the calculations necessary to know the relative position of 

the sun for each day and time in a geographic position chosen for the installation of the plant; the second calculates the 

loss mechanisms for a predefined layout heliostat field. 

 

2.1 Relative position of the sun 

 

Conventionally, two angles are used to define the apparent movement of the sun relative to the earth's surface: solar 

height (α) and azimuth angle (γ). The value of these angles are functions of the geographical position of the observer, 

with respect to its respective latitude and longitude, in addition to the day and time of observation. The equations for 

describing the solar height and azimuth angles used in the code were taken from Duffie and Beckham (2013). 

To obtain the solar height and azimuth angles, the program calculates other parameters through the day and time 

values. First, the Eq. (1) calculates the Declination, i.e., the angular position of the sun at noon with respect to the 

equatorial plane. 

 

284 n
23.45sin 360

365


 
  

 
 (1) 

 

where n is the day of year. 

Then, Eq. (2) calculates the hour angle (ha), which is used to correct the time effect on the local meridian. 

 

   15 12 / 60ha h m      (2) 

 

where h is the current hour and m is the current minute. 

Finally, after calculating these two angles and knowing the latitude (ɸ), it is possible to calculate the solar height by 

Eq. (3) e and the azimuth by Eq. (5).  The Equation (4) calculates the Zenith angle (θz), in degrees, that is used in Eq. 

(7). 
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2.2 Heliostat field configuration 

 

In the literature, several algorithms have been proposed to improve heliostat solar field performance. In this study, 

radial staggered configuration has been proposed to investigate heliostat field behavior in solar tower power plants. The 

radial staggered layout was proposed by the University of Houston for the RCELL code and was used for the Solar One 

Project, a pilot solar-thermal project built in the Mojave Desert, USA (Barberena et al., 2016). 

In these layouts the heliostats are located around a tower in rings. The heliostats of a ring are placed with an azimuth 

angular spacing and the algorithm ensures that no heliostat is in front of other heliostat of an adjacent row (Mutuberria 

et al. 2015). Fig. 3 displays a schematic view of heliostats locations in a radial staggered configuration. 

 

 
 

Figure 2. Schematic view of locations of heliostat (Talebizadeh et al., 2014) 

 

The diameter of the heliostat DH (the length of the inner segment in the circles) is given by Eq. (6). 

 

2 2DH LW LH   (6) 

 

where LW is the heliostat width and LH is the heliostat height. Then, DH is equal to the heliostat diagonal.  

In order to reduce the shadowing and blocking losses, and to keep the minimum distance for mechanical constraints, 

the algorithm adopted a parameter dsep to define the distance between heliostats. Thus, the diameter DM, that is, the 

diameter of the heliostat plus the security distance is calculated by Eq. (7): 

 

DM DH dsep   (7) 

 

To avoid that a heliostat stays in front of other heliostat, the radial staggered algorithms lay out the next row 

heliostats between the mirrors from front row, as shown in the Fig. 3. R1 is the distance between the first row and the 

tower. In this work, it was dsep = 0.2 DH and R1 values close to 0.82 THT (tower optical height), the reference case 

studied by Collado and Guallar (2012b). 
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Figure 3. Minimum radial increment, additional separation distance, and vertical and horizontal clearances. 

(Collado and Guallar, 2012a) 

 

2.3 Loss mechanisms calculation 

 

The optical loss mechanisms are calculated from the different efficiency factors described in Eq. (8). These factors 

describe the following phenomena: reflectivity, cosine effect, atmospheric attenuation, spillage, blocking and 

shadowing. Fig. 4 summarizes the way these mechanisms operate in solar tower plants. The calculation of the optical 

losses efficiency η follows the classic nomenclature of Sandia National Laboratories from USA, described in Collado 

and Guallar (2012b). 

 

int &( , , ) cos ( , , ) ( , ) ( , , ) ( , , , )at s bx y t x y t f x y f x y t f x y t neighbour heliostats        (8) 

 

where ρ is the heliostat reflectivity, cosω the cosine effect, fat the atmospheric attenuation factor, fint the intercept 

factor (spillage efficiency) and fs&b is the blocking and shadowing efficiency. Note that some factors depends on the 

relative position of the heliostats and the field location (x, y) and others are also dependent on solar time (t). 

 

 
 

Figure 4. Nomeclature of optical efficiency in heliostat fields (Collado and Guallar, 2012b) 
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2.3.1 Reflectivity and Sener heliostats 

 

In order to carry out simulations closer to reality, the parameters of Sener heliostats will be used in the code. These 

mirrors are used in Gemasolar, the first solar power tower commercial plant with molten salt storage. The total 

dimensions of Sener heliostats have been reported by Collado and Gullar (2012b), namely heliostat height LH=9.752 

(m) and heliostat width LW=12.305 (m). Thus, the total area of the heliostat is 120 (m²) and its diagonal DH=15.7 (m).   

To estimate the reflectivity losses of the mirrors, the nominal reflectivity of 0.88 will be used plus with the 

multiplying factor of 0.95 which is a function of the cleaning frequency of the heliostats, which would depend on the 

plant’s maintenance level (Collado and Guallar, 2012b). 

 

2.3.2 Cosine effect 

 

The cosine effect is one of the main losses factors of a heliostat field, being in most cases, the most significant 

factor. This is the reduction of the effective area reflected by the heliostat due to the angle formed between the solar 

position vector ( su ) e the normal heliostat vector ( n ). Thus, the incidence cosine is merely the dot product of unitary 

vectors n  and su , or n  and tu , the reflected vector from the heliostat point to the receiver. The cosine effect is 

calculated by Eq. (9): 

 

cos cos ( , , ) ( , , ) ( , ) ( , , ) ( , )tsx y t n x y t u location t n x y ut x y       (9) 

 

The unitary solar position vector is calculated using Eqs. (3-7) and is given by Eq. (10) from Ramos and Ramos 

(2014) with the appropriate coordinate system change. 

 

 cos sin , cos cos ,  sin su α γ α γ α    (10) 

 

In order to no calculate the normal heliostat vector, this algorithm uses an algebraic strategy described by Kistler 

(1986), where it is possible to calculate the cosine of 2 times the incidence angle just with su  and tu , as it is given by 

Eq. (11). 

 

cos 2 ( , , ) ( , ) ( , )s tx y t u loca ution t x y   (11) 

 

2.3.3 Atmospheric attenuation 

 

The atmospheric attenuation factor corresponds to the losses of radiation in the air between the heliostat field and 

the receiver. This mechanism is simply a function of the distance between the heliostat and the receiver and can be 

calculated by Eqs. (12-13) according to study of Schmitz et al., (2006). 

  

( , ) 0.99321 0.000176 1.97 10 8 ² ( 1000 )atf x y D E D D m       (12) 

 
0.0001106( , ) ( 1000 )D

atf x y e D m   (13) 

 

where D is the distance between heliostat and receiver. 

 

2.3.4 Spillage 

 

Spillage refers to the part of the radiation reflected by the heliostat field that is outside the receptor domain. This 

loss mechanism can be calculated by integrating the energy flux produced by the mirrors onto the receiver (García et 

al., 2015). In this work, the mathematical method to calculate the field yield for the spillage (intercept factor) is the 

HFLCAL model, a program developed by German Aerospace Center (DLR) to optimizing the heliostat fields. 

The HFLCAL describes the energy flux density as a circular normal (Gaussian) distribution (see Fig. 4). Thus, the 

intercept factor can be calculated by integrating the flux along the receiver aperture plane, as shown by Eq. (14): 

 

int 2 2

1 ² ²
( , , ) exp

2 2tot totx y

x y
f x y t dy dx

 
   

 
  

 (14) 
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Where σtot is the total standard deviation. This deviation is the result of the convolution of four Gaussian error 

functions, namely sunshape error (σsun), beam quality (σbq), the astigmatic effect (σast) and, finally, the tracking error 

(σt). Then, σtot can be described by Eq. (15): 

 
2 2 2 2 2( )tot sun bq ast tD         (15) 

 

where D is the distance between heliostat and receiver. For σsun is used 2.51 (mrad), the standard deviation to 

sunshape measured in PSA, a center for solar energy exploration, situated in Almería, Spain. The standard deviation of 

beam quality σbq was obtained after some tests of Sener heliostats and assumes the value of 1.88 (mrad). Also after 240 

tracking tests of Sener heliostats under low wind speed conditions, a tracking error σ t of 0.63 (mrad) has been reported 

(Collado and Guallar, 2012b). Finally, the standard deviation of the astigmatic effect is described in Eq. (16): 

 
2 20.5( )

4

t s

ast

H W

D


  (16) 

 

where Ht and Ws are, respectively, the image dimensions in the tangential and sagittal planes at a distance D from 

the mirror. Their values are calculated by Eqs. (17-18): 

 

cost

D
H DH w

f
 

 (17) 

 

cos 1s

D
W DH w

f
 

 (18) 

 

where f is the focal distance, equal to D when the heliostat is focused on its slant range as usual. 

Concerning to the integration limits in Eq. (15), the intercept factor may be the integral on the contours of the 

cylindrical receiver for a surrounding field as shown in Fig. 5. 

 

 
 

Figure 5. Projection of a point in the image plane on the cylindrical surface (Collado and Guallar, 2018) 

 

Thus, the cylindrical receiver is seen by the heliostat as a rectangle with a width equal to the diameter of the receiver 

2 x RR (Receiver Radius), and a height HR x cosγ. HR is the height receiver and γ is the complementary angle of εt, 

that is, the angle between the vector from the heliostat point to the tower and the vertical. The integration of the Eq. (14) 

is immediate through the error function, as shown by Eq. (19): 

 

int

1 cos cos
( , , )

4 2 2 2 2 2 2tot tot tot tot

RR RR RH RH
f x y t erf erf erf erf

            
                         

           

 

   

 (19) 

 

To calculate the intercept factor in the algorithm, it was used the function erf from MATLAB. 
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2.3.5 Blocking and Shadowing 

 

Blocking and shadowing are considered by the majority of authors as the most difficult loss mechanisms to be 

modeled computationally, since these factors depend not only on the geographic location of the plant and the instant of 

time considered, but also on the relative position of neighboring heliostats. In order to estimate blocking, it was used an 

analytic expression for radial staggered layouts described in Collado (2009) 

This analytic expression considers only the two “shoulder” heliostat in the first row in front, and the azimuth of the 

heliostat normal is the same as that of the unitary vector pointing to the tower from the center of heliostat. Eq. (20) 

describes the analytic function for blocking mechanism calculation. 

 

 22 1cos tan sin
1 1

cos

T T
b

wr wr dsepR
f

LH wr

                  
  

  



 (20) 

 

where ΔR is the radial increment between consecutive and staggered rows, wr is the width-height ratio of heliostat 

and β is the ground slope (for flat terrains, β=0, then tanβ=0). 

Shadowing is neglected because it was thought by some authors cited by Collado (2009) that blocking has a more 

pronounced effect on the layout of heliostat fields. Thus,
&s b bf f . 

 

3. RESULTS AND DISCUSSIONS 

 

In the results section is proposed a study of different heliostat field arrangements for investigating the optical 

efficiency of solar tower power plants located at low latitudes. 

For the model validation, this research compares the results obtained in several simulations with reference values 

found in the literature for the studied loss mechanisms. Typical values for these mechanisms are found in Tab. 1 (Sattler 

et al., 2015). 

 

Table 1. Typical values of some optical loss mechanisms 

 

Loss mechanisms Typical efficiencies 

Cosine Effect 0.70 – 0.95 

Shadowing and Blocking 0.98 – 0.99 

Reflectivity 0.80 – 0.95 

  

According to Sattler et al. (2015), the total efficiency of the solar field, obtained from Eq. (1) may have values 

between 45% e 85%. In addition to this general indication, the efficiency found in the simulations was compared with 

existing plants such as Gemasolar, which presents η = 56% (Collado and Guallar, 2012b). 

In the subsection referring to the study of heliostat field arrangements in low latitudes, it is suggested solar tower 

simulations in Natal, Brazil (S 05° 47' 42" W 35° 12' 32").  

To verify which layout is most suitable for plants in low latitudes, two configurations are studied: a southern field, 

where the heliostats are positioned only to the south side of the tower and a circular field, where the tower is totally 

surrounded by the heliostats, as shown in Fig. 6. 

 

 
 

Figure 6. Heliostat field configurations: circular field (a) and southern field (b) 
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Table 2 shows the main parameters used to design the radial staggered configurations proposed above. 

 

Table 2. Parameters for heliostat field design 

 

Parameter Value 

Tower optical height (THT) 100 m 

Number of heliostat 104 

Receiver radius (RR) 5 m 

Receiver height (RH) 11 m 

Heliostat total width (LW) 12.305 m 

Heliostat total height (LH) 9.752 m 

Heliostat diagonal (DH) 15.7 m 

Heliostat total area 120 m² 

Effective mirror area 115.7 m² 

Aperture area 12,032.8 m² 

Security distance (dsep) 3.14 m (0.2 x DH) 

Distance from first row to tower (R1) 78.4 m (0.784 x THT) 

  

To simplify the simulations computational costs, four demonstrative days were chosen to represent a whole year. 

These days are summer solstice (21st December), autumn equinox (23rd March), winter solstice (21st June) and spring 

equinox (23rd September). Simulations were performed for the two layouts in the four proposed days, from 06h to 

17h00 with an increment of one hour (12 simulations per day). The results for the loss mechanisms ant total field 

efficiency are shown in Tab. 3. 

 

Table 3. Heliostat field optical efficiencies 

 

 Circular field Southern field 

21st Dec 23rd Mar 21st Jun 23rd Sep 21st Dec 23rd Mar 21st Jun 23rd Sep 

Reflectivity 0.8360 0.8360 0.8360 0.8360 0.8360 0.8360 0.8360 0.8360 

Attenuation 0.9686 0.9686 0.9686 0.9686 0.9640 0.9640 0.9640 0.9640 

Cosine effect 0.8365 0.8386 0.8175 0.8392 0.7518 0.8330 0.8774 0.8294 

Spillage 0.9994 0.9993 0.9991 0.9993 0.9993 0.9997 0.9999 0.9997 

Blocking 0.9939 0.9938 0.9942 0.9937 0.9281 0.9051 0.8931 0.9061 

Daily efficiency 0.673 0.674 0.658 0.675 0.564 0.609 0.632 0.607 

Annual efficiency 0.670 0.603 

 

As predicted in the literature, the main mechanisms that influenced the overall efficiency of the heliostats field 

were reflectivity and cosine effect. As the same mirrors and the same cleaning conditions were used, the reflectivity was 

the same for both configurations and as described in the Eq. (1), not depend on any variables. For the cosine effect, the 

circular field presented a 1% greater efficiency than the southern field in the simulations for the proposed days. The 

atmospheric attenuation was more present in the southern field, which has a lower efficiency since, in this 

configuration, the average distance between the heliostats and the tower is greater. Due to the proximity between 

heliostats and tower, spillage losses were insignificant in both cases, when compared to other values. The main 

divergence between the loss mechanisms of the studied layouts was in blocking efficiency. In this criterion, there was a 

difference of approximately 9% favorable to the circular field. Fig. 7 shows a comparison between the efficiencies for 

each loss mechanism in both simulation. 

In general, the circular field has achieved an annual efficiency 7% greater than the southern field, being blocking 

effect, the main divergence factor on the field performance. Analyzing the southern field layout, it has been noted that 

the radial increment (ΔR) of the last rows is smaller than the front ones, and when this increment is applied in the 

analytical expression for blocking calculation, this mechanism efficiencies become lower. Empirically, the perception 

of this effect is trivial, since the closer heliostats rows are arranged, the greater the probability of heliostats in the front 

to block and to shadow the back ones. 

As for model validation, all loss mechanisms presented values within the range presented by the literature, with the 

exception of the block in the southern configuration, which presented values below those predicted, due to the 

aforementioned reasons. As a tool to calculate the heliostats field efficiency, the algorithm described in this paper 

presents some deficiencies, mainly due to the lack of a mathematical model to estimate the effect of shadowing in these 

plants. 
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Simulations performed in the software SolarPILOT from National Renewable Energy Laboratory (NREL-USA) for 

the geographical location proposed in this study, pointed out that this effect is not significant between 09h00 and 15h00, 

but it has strong influence on the field efficiency at the times close to sunrise and sunset. 

 

 
 

Figure 7. Comparison between loss mechanism efficiencies 

 

Finally, when the efficiencies of the simulated fields in this work were compared to reference efficiency, a 

difference of up to 11% of the annual value was identified. This difference is due to the dimensions of the simulated 

layouts, which are smaller than the reference case. Previous works as Collado and Guallar (2012b) has shown that the 

efficiency of the heliostats closer to the tower is much higher than the rest of the field. In smaller fields, the effect of 

mechanisms, which depend on heliostat-tower distance (Spillage and Attenuation) are significantly lower. 

 

4.  CONCLUSIONS 

 

In this work a MATLAB algorithm was developed to evaluate the performance of heliostat fields in central tower 

solar plants. This type of algorithm is indispensable in the design of new projects in this area, since, through the use of 

these programs, it is possible to estimate the efficiency of these plants. From the algorithm developed in this study, the 

authors intend to implement an intelligent program that returns the best layout for a plant located in an arbitrary 

location, by evaluating its geographic position and the height of the desired tower. 

To calculate the heliostat field efficiency, this algorithm uses different analytical expressions to simulate the optical 

losses mechanisms of these systems. The code is valid for heliostats and towers with arbitrary position, orientation and 

size and, although the study object of this paper to be the heliostat field located at low latitudes, the simulations can be 

performed in any geographical location. The program is very accurate in calculations of the loss mechanisms: cosine 

effect, atmospheric attenuation, spillage and blocking, but still not be able to model shadowing losses. For future works, 

the authors intend to develop an efficient method for shadowing losses calculation. 

In results, two distinct radial staggered configurations are proposed for simulation at low latitude, a circular layout 

and a southern layout. Many papers in the literature have performed simulations in one-side layouts (northern field, 

when located in northern hemisphere, and southern field, when in the southern hemisphere), which have good 

efficiencies in high latitude locations. This study demonstrated that at low latitudes, circular fields are more feasible 

than the one-side configuration, presenting 7% higher efficiency in the case study. 

The mathematical algorithm presented in this work is interactive and efficient alternative for the study of the loss 

mechanisms in solar tower power systems, which can make feasible the prospecting new projects for the production of 

clean energy in Northeast of Brazil, where there are high DNI rates. 
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