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Abstract 

In this paper, the optical performance of a cliff-side heliostat field for a central tower solar 

receiver is investigated and documented. The investigation included calculating all field 

efficiencies of the heliostat field for different cliff angles and tower height. The optimum 

distribution of heliostat field of a different cliff angles and tower heights are estimated using the 

particle swarm optimization technique. The optimum field distribution using the biomimetic 

spiral pattern was estimated using the Particle Swarm Optimization (PSO) method. It is found 

that using a heliostat field on cliffs can be more efficient than flat fields. it is also found that it is 

better to increase the receiver tilt angle while decreasing the initial distance between tower and 

heliostat. This results in increasing the annual performance, and decreasing the required land area 

 

Keywords: Solar Central Tower; tilted field; biomimetic spiral distribution; Particle Swarm 

Optimization, cliff side. 
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Symbols 
θ Incident angle -degree- 

a The first shape factor of spiral field σ Standard deviation 
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Alt Altitude above sea level -

kilometers- 

τ Transmittance  

AM Air mass υ Golden ratio (1 + √5)/2 

b The second shape factor of spiral 

field 

Subscripts 

c Acceleration constant B Direct beam 

D Dimension -meter- cos Cosine factor 

H Height dimension -meter- w weighted 

I Solar radiation -W/m
2
- int Interception factor 

i Counter uw unweighted 

it Iteration number. s Sun 

N Normal vector -meter- att Atmospheric attenuation factor 

Q Particle position in the PSO 

algorithm 

sh&b Shading and blocking  

R Range -meter- r Mirror reflectivity factor 

rand A random number between 0 and 1. tot Total 

SLR Slat range  -meter- h Heliostat 

T The vector from heliostat to the 

target point -meter- 

rec Receiver 

THT Tower height t Target point 

V Particle velocity in the PSO 

algorithm 

tr Tracking 

W Width dimension -meter- sl Slope 

Greek Symbols ast Astigmatic  

∅ Latitude angle -degree- im Image 

ᶲacc Receiver acceptance angle. -degree- T Tangent 

α Altitude angle -degree- sag Sagittal 

ζ Tilt angle. i Counter 

η Efficiency  sh Shade 
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1 Introduction 

Energy independency has emerged as a world concern after the energy crisis of 1973. Renewable 

energy represents a promising solution in light of its availability. However, most renewable 

energy sources are not continuously available, and due energy intermittency the exploitation of 

renewable energy is still limited. 

Concentrated solar power systems represent a promising solution due to the well-developed 

storage technology. Concentrate solar energy using tower system represents the most efficient 

CSP solution for electricity generation. This is a consequence of the high achievable temperature 

at the receiver which can reach 2000℃ (Foster et al. 2010). However, the methodology of 

designing the tower system is not mature enough yet (Ashley et al. 2017). 

One side of the tower system design is the distribution of the heliostat field. The most applied 

pattern for heliostats distribution is the radially staggered pattern. There are several versions of 

this pattern, such as the one presented by (Ramos & Ramos 2012), and the one presented in 

DELSOL program (Kistler 1986). However, (Noone et al. 2012) proposed a biomimetic spiral 

pattern for distributing the heliostats. Several other patterns can be found in the literature. Studies 

that shows how the distribution pattern of the heliostats affects the system output were done by 

(Mutuberria et al. 2015) and (Barberena et al. 2016). Based on these studies, the biomimetic 

spiral pattern generated a heliostat field with less area and slightly more efficient. 

Available solar radiation, soiling effect, wind loads, and field shape such as obstacles and field 

tilt angle are important factor of that affect site selection for the heliostat field. Most of the 

studies available in the literature studied the effect of different key variables on the performance 

of the flat fields. On the other hand, very limited studies have considered sloped or uneven fields. 

This raised questions about the suitability of sloped fields especially when flat fields are not 

available. The installation of a tower system on an uneven land is studied by (Scouros & 

Cosmetatos 2013) and the installation of a tower system on a hillside is also studied by (Kiwan 
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& Al Hamad 2018). As been depicted by their research, the system efficiency could be managed 

to be of the same order compared to flat fields. It should be noted that these previous studies 

considered only positively sloped fields. That is, heliostat field is on a hillside facing the tower. 

In this study, negatively sloped fields will be considered. That is, when the heliostat field is on a 

cliff in front of the tower.  

2 Modeling  

The efficiency of the tower system is influenced by several factors: cosine efficiency 𝜂𝑐𝑜𝑠, 

attenuation efficiency 𝜂𝑎𝑡𝑡, interception efficiency 𝜂𝑖𝑛𝑡, shading and blocking efficiency 𝜂𝑠ℎ&𝑏, 

and mirror reflectivity 𝜂𝑟. The instantaneous efficiency of a single heliostat is: 

 𝜂ℎ = 𝜂𝑐𝑜𝑠 ∗ 𝜂𝑎𝑡𝑡 ∗ 𝜂𝑟 ∗ 𝜂𝑖𝑛𝑡 ∗ 𝜂𝑠ℎ&𝑏 (1) 

The annual performance of a single heliostat is usually calculated with the addition of a solar 

energy as a weight.  

 

 𝜂ℎ_𝑤 =
∑ ∫ ηh(𝑡) IB(𝑡) 𝑑𝑡

𝑠𝑢𝑛𝑠𝑒𝑡

𝑠𝑢𝑛𝑟𝑖𝑠𝑒
365
𝑛=1

∑ ∫ IB(𝑡) 𝑑𝑡
𝑠𝑢𝑛𝑠𝑒𝑡

𝑠𝑢𝑛𝑟𝑖𝑠𝑒
365
𝑛=1

 (2) 

Instead of applying the equatoin above on each day of the year -which will consume too much 

time within an optimizatoin process-, each month of the year is represented by one day only. 

Thus the whole year can be represented by 12 days, according the procedure followed by 

(Piroozmand & Boroushaki 2016; Mustafa et al. 2012; Pitz-Paal et al. 2011) the 21
st
 of each 

moth is concedered as the month representative day. The integration shown in Equation (2) 

above is replaced by a summation with a step of one hour such that it is centered at the solar 

none. 

determining the solar direct beam radiation can be done using the model described by (Cruz et al. 

2016) : 

 𝐼B = 1.353 ∗ [( 1 − 0.14𝐴𝑙𝑡) ∗ 0.7𝐴𝑀0.678
+ 0.14𝐴𝑙𝑡] (3) 

where, Alt is the altitude above sea level in kilometers. The air mass (AM) is: 

 𝐴𝑀 =
1

sin ∝𝑠 + 0.50572(6.07995 +∝𝑠)−1.6364
 (4) 

where, ∝𝑠 is the solar altitude measured in degrees. 
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According to Equation (1), finding the instantaneous efficiency requires finding the cosine 

efficiency which is a function of the incident angle 𝜃ℎ: 

 𝜂𝑐𝑜𝑠 = cos 𝜃ℎ =
�⃗� . 𝑁ℎ

⃗⃗ ⃗⃗  

|𝑁ℎ
⃗⃗ ⃗⃗  |

 (5) 

Where 𝑁ℎ
⃗⃗ ⃗⃗   is a victor normal to the heliostat, and  �⃗�  is unit vector from heliostat toward the target 

point. 

Mirror reflectivity 𝛈𝐫 has an influence on the system performance, following the steps of 

(Besarati & Goswami 2014) it is considered as a constant value, where all heliostats in the field 

have the same reflectivity. 

Due to particles in the atmosphere, the reflected radiation will attenuate causing what is known 

as the atmospheric attenuation efficiency, 𝜂𝑎𝑡𝑡, if clear sky conditions is assumed. Then 𝜂𝑎𝑡𝑡, is  

(Piroozmand & Boroushaki 2016; Noone et al. 2012; Wei et al. 2010; Ewert & Fuentes 2012; 

Eddhibi et al. 2015) : 

 𝜂𝑎𝑡𝑡 = {
0.99321 − 0.0001176 𝑆𝐿𝑅 + 1.97 ∗ 10−8 ∗ 𝑆𝐿𝑅2, 𝑆𝐿𝑅 ≤ 1000𝑚

exp(−0.0001106 𝑆𝐿𝑅 ) , 𝑆𝐿R > 1000𝑚
 (6) 

 

where, SLR is the slant range.  

The reflected radiation may not be received on the receiver, this causes the interception 

efficiency, 𝜼𝒊𝒏𝒕. It can be calculated using HFLCAL model (Besarati et al. 2014): 

𝜂𝑖𝑛𝑡 = 
1

2𝜋𝜎𝑡𝑜𝑡
2 ∫ ∫ exp(−

(𝑥 − 𝑥𝑡)
2 + (𝑦 − 𝑦𝑡)

2

2𝜎𝑡𝑜𝑡
2 )𝑑𝑥

𝑥𝑚𝑎𝑥

𝑋𝑚𝑖𝑛

𝑑𝑦
𝑦𝑚𝑎𝑥

𝑦𝑚𝑖𝑛

 (7) 

where,  𝜎𝑡𝑜𝑡 is the total dispersion of flux distribution and (𝑥𝑡, 𝑦𝑡) is coordinate of the target 

point for a heliostat on the receiver. The boundaries of the integration are the boundaries of the 

receiver aperture in the x and y, these values are measured on a local coordinates centered at the 

receiver center, such that the z-axis is normal to the receiver (Besarati et al. 2014; Schwarzbözl 

et al. 2009; Collado 2010; Besarati & Goswami 2014). The double integration shown in Equation 

(7) is calculated by Riemann sums (Anton et al. 2009), within this paper a step of 20 is 

considered for both x and y domains. 

According to (Collado 2010; Besarati & Goswami 2014) The value of 𝜎𝑡𝑜𝑡 is: 
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 𝜎𝑡𝑜𝑡 =
√𝑆𝐿𝑅2(𝜎𝑠𝑢𝑛

2 + 𝜎𝑏𝑞
2 + 𝜎𝑡𝑟

2 + 𝜎𝑎𝑠𝑡
2 )

√cos 𝜃𝑟𝑒𝑐

 
(8) 

where, 𝜎𝑏𝑞,  𝜎𝑡𝑟, 𝜎𝑠𝑢𝑛 , and 𝜎𝑎𝑠𝑡are the standard deviations of beam quality, tracking error, sun 

shape error, and Astigmatic aberration factor, respectively. The values of 𝜎𝑏𝑞 , 𝜎𝑡𝑟 ,and 𝜎𝑠𝑢𝑛 are 

considered as constants. However, 𝜎𝑏𝑞 depends on the reflectors slop errors 𝜎𝑠𝑙, which also can 

be considered as a constant.(Khammash 2017) 

 𝜎𝑏𝑞 = 2𝜎𝑠𝑙 (9) 

The astigmatic aberration factor 𝜎𝑎𝑠𝑡 is associated with the optical performance of the mirror 

which depends on mirror‟s focal distance and the incident angle at the heliostat 𝜃ℎ, in addition to 

the heliostat location and dimensions.  

The incident angle at the cavity receiver,‟𝜃𝑟𝑒𝑐‟, is calculated as follows:  

 𝜃𝑟𝑒𝑐 = cos−1(−𝑇 . 𝑁𝑟𝑒𝑐) (10) 

where, Nrec is given by 

 𝑁𝑟𝑒𝑐 = < + cos(𝜁𝑟𝑒𝑐) , 0, − sin(𝜁𝑟𝑒𝑐) > (11) 

𝜁𝑟𝑒𝑐 is the receiver tilt angle. 

For the sake of determining shading and blocking efficiency over a heliostat 𝛈𝐬𝐡&𝐛, possible 

sources of shading and blocking are specified according to the modified range method illustrated 

by (Kiwan & Khammash 2018). Afterwards, shading and blockage are determined using polygon 

clipping algorithm explained by (Ramos & Ramos 2014). The shading efficiency is determined 

by determining the active area of a heliostat. The shading and blocking efficiency is: 

 𝛈𝐬𝐡&𝐛 =
𝐴𝑎𝑐𝑡𝑖𝑣𝑒

𝐴𝑡𝑜𝑡𝑎𝑙
 (12) 

3 Heliostat Field Distribution 

According to the biomimetic spiral distribution, the distribution of the heliostat on a polar 

coordinate follows the relations bellow: 

 𝑅ℎ  = 𝑎𝑖𝑏 (13) 

 𝜃ℎ = 2𝜋𝜑−2𝑖 (14) 
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where, the shape factors „𝑎‟ and „𝑏‟ are the coefficient that affect the shape of the filed. 

Determining the values of the shape factors is directly affecting the system performance. thus, an 

optimization process is required. A typical domains for „𝑎‟ and „𝑏‟ as expressed by (Kiwan & 

Khammash 2018) are (0.1, 8) and (0.45, 0.9), respectively. 

𝑖 is a counter the heliostat number in the field, 𝜑 is the golden ratio which is 
1+√5

2
.  

Within this research the polar coordinate is taken where the tower represents the center, and the 

angle at the east direction is zero. 

 

3.1 Layout restrictions 

During tarcking, the heliostats must have enough space in order to avoid the hazard of collision. 

Thus a minimum distance must be insured beween heliostats. For rectangular heliostats, the 

minimum distance is equal to the heliostats diagonal. Moreover there is a factor of safty which is 

commonly added to increase the seperating distance between heliostats beyond the minimum. 

 For cavity receivers the design of the receiver also affects the area where heliostats can be 

installed. Installing heliostat beyond the spacified area may lead to a heliostat that is not able to 

reflect the radiation toward the recever. This is known as the spillage losses. To avoid the spillage 

losses, an initial distance between tower and heliostats is required to be insured. And an 

acceptence angle of the receiver is supposed to be determined. Based on the porcedure explained 

by (Besarati & Goswami 2014) an inisial distance of 0.75 of the tower height is a typical distance 

between helostats and the tower, while instead of determining the receiver acceptance angle, a 

virtual transmissivity fuction is used.  

3.2 Heliostat Field Design 

For the sake of designing a field of heliostats based on the biomematic spiral distrebution, an 

over sized fild is initially distreputed. Afterwards, the heliostats that violats the initial distance 

constrant are eleminated. Then distances between each heliostat and its  neighbors are checked. 

If collision avoidance constraint is violated then one of the heliostats is removed. 

Lastly, all of the optical efficeincy except shading and blockage efficiency are determined per 

heliostat at the design time - March 21 at noon-. The efficeincy is then multiplied by the virtual 

transmissivity function, the heliostat with the least values is eleminated. This process is repeated 

until the output of the plant at the design time is equal to the required power. 

The area of the heliostat field is estimated by finding the area of the convex-hull that encloses all 

heliostats in the field. 
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3.3 Optimum field shape factors  

Per equations (13) and (14) there are two shape factors that affect the layout of the heliostat field, 

namely „𝑎‟ and „𝑏‟. These values are obtained using an optimization process. For this research 

PSO algorithm is used. The objective of the optimization is to maximize the annual weighted 

efficiency of the plant 𝜂ℎ(𝑎, 𝑏, … . ). according to PSO, a swarm of particles is distributed 

randomly in the visible domains of the decision variables. The particles then move within the 

given domains, with each movement the particle made, it records the output of the objective 

function. The movement of the particle follows the equation below: 

 𝑄𝑖
𝑖𝑡+1 = 𝑄𝑖

𝑖𝑡 + 𝑉𝑖
𝑖𝑡+1 (15) 

Where Q is the particle location, V is the particle velocity. The subscripts it and i are to indicate 

the iteration number and the particle number in the swarm. 

The velocity of the particle is controlled by three vectors: (1) the vector of its previous 

movement, (2) a vector from the particle position to its own optimum position and (3) a vector to 

the optimum global position of all particles as demonstrated in Figure 1. Mathematically this 

follows the relation below(Kiwan & Khammash 2018): 

𝑉𝑖
𝑖𝑡+1 = 0.5(1 + 𝑟𝑎𝑛𝑑1) 𝑉𝑖

𝑖𝑡 + 1.6 𝑟𝑎𝑛𝑑2(𝑄𝑖𝑏𝑒𝑠𝑡
𝑖𝑡 − 𝑄𝑖

𝑖𝑡)

+ 1.6 𝑟𝑎𝑛𝑑3(𝑄𝐺.𝑏𝑒𝑠𝑡
𝑖𝑡 − 𝑄𝑖

𝑖𝑡) 
(16) 

Where 𝑟𝑎𝑛𝑑1, 𝑟𝑎𝑛𝑑2, 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑3 are random numbers between 0 and 1. 

But to sweep the decision variables domains properly, the velocity I supposed to be within a 

visible range, the range is limited according to: 

 𝑉𝑙𝑖𝑚𝑖𝑡 = ±0.2(𝑄𝑚𝑎𝑥  − 𝑄𝑚𝑖𝑛) (17) 

 The particles keep on moving until either the maximum iteration limit is reached, or the stopping 

criteria are accomplished. 
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Figure 1 : Updating PSO particle position 

For this study, a swarm of 25 particles is used, the upper iteration limit is set to 1000,while the 

stopping criteria are |𝑄𝐺 𝑏𝑒𝑠𝑡
𝑖𝑡 − 𝑄𝐺 𝑏𝑒𝑠𝑡

𝑖𝑡−15 | < 10−6 𝑎𝑛𝑑 𝑖𝑡 > 20. 

A MATLAB code is developed for optimizing and simulation the system based on the equations 

above. 

4 Cliff side heliostat field 

The main idea of this work is to investigate the optical performance of a heliostat field 

distributed on a cliff. One anticipates, as shown in Figure 1, that the cosine efficiency of the field 

will improve since the cosine angle decreases when the heliostat is place on the cliff. However, 

the self-shading increases when increasing the cliff angle. Thus, the results of this study should 

answer different questions. Is it possible to use cliffs as a heliostat field with reasonable 

efficiency? How different field efficiencies will interact and what will the final field efficiency 

be? 

 

 

𝑄𝑖
𝑖𝑡  

𝑄𝑖
𝑖𝑡+1 

𝑄𝑖𝑏𝑒𝑠𝑡
𝑖𝑡  

𝑄𝐺𝑏𝑒𝑠𝑡
𝑖𝑡  

𝑉𝑖
𝑖𝑡 
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(a) 

 

(b) 

Figure 2 : The incident angle for a heliostat on (a) horizontal (flat) and (b) cliff field 

 

For this research the tower is assumed to be on a horizontal surface which is away from the cliff 

by a distance related to tower height and receiver tilt angle 𝐷𝑚𝑖𝑛. When determining the 

2𝜃ℎ 

2𝜃ℎ 
𝛽ℎ 
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coordinate of a heliostat installed on a cliff side, the z-coordinate of each heliostat must be 

determined: 

𝑧ℎ = 𝑅ℎ − 𝐷𝑚𝑖𝑛 𝑇𝐻𝑇 𝑡𝑎𝑛(𝛽ℎ) 

Where 𝑇𝐻𝑇, and 𝛽ℎ are the tower height and the field tilt angle respectively. 

For a cliff side the slant range is expected to increase, which will affect the attenuation and the 

interception efficiencies. The shading and blocking efficiency is also expected to be affected as 

well as the cosine efficiency. the cliff tilt angle is studied as a decision variable for the 

optimization process, where the searching domain is [-40, 0] 

5 Results  

The Matlab code developed and validated by (Kiwan & Khammash 2018; Kiwan & Al Hamad 

2018) will be used in this study. It should be noted that the code was verified for different cases 

in the above referenced studies. A reference case on a horizontal flat field was established for 

comparison purposes. The location of the system and its specifications are illustrated in Table 1. 

 

Table 1: tower plant specifications 

Receiver type Cavity 𝐷𝑚𝑖𝑛 0.75 THT 

Aperture height 12 𝑚 Heliostat shape Rectangular 

Aperture width 13.78 𝑚 Heliostat height 𝐻ℎ 9.45 𝑚 

Receiver tilt angle 12.5𝑜 Heliostat width 𝑊ℎ 12.84 𝑚 

Longitude  118.14𝑜 Slop error 𝜎𝑠𝑙 0 𝑚𝑟𝑎𝑑 

Latitude 34.733𝑜 Tracking error 𝜎𝑡𝑟 2.90 𝑚𝑟𝑎𝑑 

Altitude “ALT” 707 𝑚 Sun shape factor 𝜎𝑠𝑢𝑛 2.51 𝑚𝑟𝑎𝑑 

 

The heliostat field for the reference case is calculated using biomimetic spiral distribution. A 

system of 25 MW is generated based on PSO algorithm with two decision variables; the shape 

factors “a” and “b”. The results of the obtained field are shown in  



12 

 

 

Table 2 

 

Table 2: optimized plant data for a horizontal field with a tower of 55m height (reference case). 

  

Optimized outputs for 

horizontal field 

design variables 
a 2 

b 0.8274 

 

ηref 0.88 

ηcos (uw) 0.8191 

ηatt 0. 9543 

ηint (uw) 0.9938 

ηsh&b (uw) 0.9562 

𝜂field_𝑢𝑤 0.6534 

𝜂field_𝑤 0.6785 

Number of Heliostats 291 

Area of the heliostat field 

[𝑚2] 
330825 

 

Cliff side simulation 

Within this section, it is assumed that the location of the tower has cliffs with different field tilt 

angles. An optimization process is carried out to help the designer chose the optimum field tilt 

angle and heliostat distribution. This is done by applying PSO algorithm to maximize the annual 

weighed efficiency. The decision variables that are being optimized for this purpose are: field tilt 

angle, and biomimetic spiral pattern shape factors “a” and “b”,. 

The optimization and simulation process are done for two different receiver tilt angles, which are 

12.5 and 35.5 degrees. For each receiver tilt angle the initial distance changes. 

The hill itself is expected to shade the heliostat field. This can occur if the field tilt angle is 

negative, -such as the field illustrated in Figure 2– and less than the solar altitude angle. If solar 

altitude is less than field tilt angle then based on the solar azimuthal angle and the field azimuthal 

angle a part of the shield will be shaded while the other is not. 
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For this study, the extreme condition is considered where the field is 100% shaded as long as the 

solar altitude is less than the absolute value of the field tilt angle.  

The obtained results are shown in Table 3 

Table 3: output data for optimized tilt angle and filed shape factors. 

Design 

parameters 

𝐷𝑚𝑖𝑛 0.75 THT 0.25 THT 

Receiver 

tilt angle 12.5𝑜 35.5𝑜 

design 

variables 

𝛽ℎ -11.5864 -11.6122 

a 5.2830 2.2465 
b 0.6986 0.8163 

Annual 

Efficiency 

ηref 0.88 0.88 
ηcos (uw) 0.8413 0.8434 

ηatt 0.9497 0.9529 
ηint (uw) 0.9911 0.9937 

ηsh&b (uw) 0.9466 0.9364 
𝜂field_𝑢𝑤 0.6596 0.6586 
𝜂field_𝑤 0.6846 0.6859 

Number of Heliostats 279 276 
Area of the heliostat field 

on the tilted plane [𝑚2] 
357131 321021 

 

As expected, when the cliff slope angle increases the cosine efficiency for the field enhances due 

to the decrease in the incident angles at the heliostats -See Figure 2-. But on the other hand the 

shading and blocking possibility increases. Actually, there is a possibility for some heliostats to 

have a shading and blocking efficiency of zero. Such case is not expected to occur in the 

horizontal field. To minimize the shading problem the optimization process distribute heliostats 

on a wider area. 

Moreover, cliff side field means that the distance between each heliostat and the receiver 

increases, this affects the attenuation efficiency negatively. And as been depicted by the results 

the interception efficiency also decreases. 
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The enhancement of the cosine efficiency overcome the reduction in the other efficiencies. The 

overall weighted efficiency of a plant of 55m tower height is 0.61%. the generated filed is shown 

in Figure 3. 

Further increasing the receiver tilt angle further increase the optical performance, an 

enhancement of 0.74% obtained. the generated filed is shown in Figure 4. 

For all studied tower heights the optimization resulted in a negative tilt angle, this conclude that 

it is better to install the tower on the top of the hill rather than the bottom. 

 

Figure 3 : Top view of the generated field case 1 
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Figure 4 : Top view of the generated field case 2 

6 Conclusion 

In this work, the optical performance of a solar central tower system is modeled and studied over 

a cliffside. Biomimetic spiral pattern is used for heliostat distribution. The pattern parameters and 

the cliff tilt angle are optimized based on the annual weighted efficiency. 

A reference case is generated for a 25 MW tower system over a flat field, the receiver tilt angle 

and the initial distance between the heliostats and tower are similar to the PS10 system. 

Installing heliostats over a cliff results in increasing tower height with respect to each heliostat, 

this will enhance the cosine efficiency of the field. But on the other hand, it results in a self-

shading over the field due to the cliff itself. Furthermore, there is a higher possibility for 

heliostats to be shaded by each other. And as the distance between heliostats and tower increases 

-compared with the flat field- the attenuation and interception efficiencies are affected 

negatively. 
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The increase in the cosine efficiency overwhelmed the decrease in the other efficiency factors. 

The overall system performance enhanced by 0.61%. Due to heliostats self-shading, the optimum 

field area was larger than the reference case, but the number of required heliostats decreased by 

12 heliostat. 

For further increase the performance of the system, increasing the receiver tilt angle is studied, as 

consequence, the system was capable of receiving radiation from heliostats closer to the tower. 

For the studied case, the field weighted efficiency is further enhanced, the number of heliostats, 

and the area both decreases as well. 
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