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Abstract. In this study, a simulated annealing algorithm is proposed as an optimisation method for 
the mirror arrangement of heliostat mirrors in a tower solar thermal power plant. Firstly, the optimal 
number and position of heliostats in the whole mirror field in radial staggered layout (EB unobstructed 
layout) were solved using simulated annealing method. Then further optimisation, i.e. changing the 
mirror width, mirror height and mounting height of the heliostats and solving for the optimal number 
and position of heliostats using simulated annealing again, resulted in an increase in the number of 
heliostats in the optimised mirror field by 77.92% but a decrease in the total area by 18.77%, and an 
increase in the average annual thermal power output per unit area of the mirrors by 4.76%. Therefore, 
this result shows that the heliostat field optimised using the simulated annealing algorithm has a 
higher efficiency and a smaller footprint. 
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1. Introduction 

In response to global climate change and environmental pollution, China is actively taking action 
to achieve the goals of "carbon peaking" and "carbon neutrality" [1]. In this important context, the 
development and wide application of new energy technologies have become particularly critical. 
Among them, tower solar thermal power generation technology, as a low-carbon and environmentally 
friendly clean energy technology, has great potential and is rapidly emerging in the field of power 
generation. 

The heliostat is the core component of the tower solar thermal power plant, which acts similar to 
a magnifying glass to focus the solar rays onto the heat absorber and convert the light energy into 
high-temperature heat energy, thus realising the efficient conversion of clean energy [2]. The heliostat 
field, on the other hand, consists of a large number of heliostats and is the core and key component 
of the whole power plant. The layout and design quality of the heliostat mirror field directly affect 
the performance, efficiency and economy of the power plant [3]. In order to design a more reasonable 
mirror field, Gao Bo [4] and others proposed a method of optimal layout of the heliostat mirror field 
based on adaptive gravitational search algorithm, and Sun Hao [5] proposed a research and 
optimisation method of the heliostat mirror field layout based on the mixed strategy whale 
optimisation algorithm. In this paper, the problem of optimal layout of fixed-sun mirror field is 
combined with intelligent optimisation algorithm to propose a flexible and efficient scheduling 
method. 

2. Arrangement and improvement of fixed-sun mirror field based on SA 

2.1. Mirror Field Layout Theory 

The radial staggered layout method is a common layout strategy when performing optimised 
design of tower solar power fields. As the radius increases, the heliostat field usually shows a trend 
from dense to sparse layout, which means that there may be a lot of underutilised space in the rear 
heliostat area[8].The EB layout is a variant of the radial staggered layout method, the main principle 
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of which is to ensure that the sun is efficiently focused on the heat absorbing towers or photovoltaic 
cells. It uses a special arrangement of heliostat mirrors to minimise shadows and shading. By 
arranging the mirrors closely together, this energy loss is minimised, ensuring that as much of the 
solar rays as possible are efficiently focused onto the light-focusing tower, thereby increasing the 
efficiency of energy collection.In order to achieve an optimal mirror field layout, it is necessary to 
minimise cosine efficiency, shadow obscuration efficiency and truncation loss simultaneously. This 
means that it is necessary to arrange the heliostats as closely as possible in the layout of the mirrors 
while solving the problem of mutual shading between the heliostats. 

In the following Figure 1, some symbols are used in this paper to represent the different parameters: 
𝐻௦, on the other hand, denotes the height of the heliostat, 𝐷ெ represents the diagonal length of the 
heliostat, and 𝑊௦ the width of the heliostat. Starting from the ring closest to the heat-absorbing tower, 
the distance between individual rings is labelled as the radial distance △ 𝑅. The angle between the 
lines connecting the centres of neighbouring heliostats on the same ring and the origin of the 
coordinates is known as the azimuthal angle △ 𝛼 , and the distance between the centres of 
neighbouring heliostats is known as the azimuthal distance △ 𝐴. In the layout of the heliostat field, 
since the heliostats themselves can be rotated, the layout representation can be simplified by using an 
equivalent characteristic circle. In the top view, the diameter of this eigencircle is equal to the diagonal 
length of the heliostat 𝐷ெ, while in the main view, the diameter of the eigencircle is equal to the 
height of the heliostat 𝐻௦. The eigencircle can be rotated by the centre of the heliostat itself[9]. 

 
Figure 1. EB Layout Schematic 

For better illustration, this paper will take quadrants 1 and 2 of the plane coordinate system as an 
example, and quadrants 3 and 4 will be calculated in the same way. As shown in the figure above, the 
3D spatial coordinate system is projected onto the plane and the position of the heat absorption tower 
is located at the origin of the coordinates. The distance between the first ring and the heat-absorbing 
tower is the shortest acceptable distance, denoted as 𝑅௠௜௡, which represents the shortest distance 
from the heat-absorbing tower to the heliostat. And 𝑅௠௔௫denotes the maximum radius of the heliostat 
field, i.e., the farthest distance from the heat-absorbing tower to the heliostat. The whole heliostat 
field is divided into different heliostat ring regions according to different radii, and the directions on 
the 1st ring of each region are equally spaced, viz: 

△ 𝐴௭ଵ,ଵ ൌ△ 𝐴௭ଶ,ଵ ൌ ⋯ ൌ△ 𝐴௭௜,ଵ ൌ 𝐴௦௙ ൉ 𝑊ௌ (1) 
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Where: △ 𝐴௭௜,ଵ denotes the directional spacing of the 1st ring of the i region. 𝐴௦௙ is the azimuthal 
spacing factor, which is generally related to the height of the tower, and is generally taken as 2. 

Neighbouring heliostats in each region have the same azimuth angle, and the azimuthal spacing of 
neighbouring heliostats on rings other than the first ring can be calculated from the heliostat azimuth 
angle △ 𝛼௭,௜. The heliostat azimuth △ 𝛼௭,௜ can be calculated from the radius 𝑅௜,ଵ and the orientation 
spacing △ 𝐴௭௜,ଵ of the first row as follows: 

△ 𝐴௭௜,௝ ൌ 2𝑅௜,௝ ൉ sin
△ 𝛼௭,௜

2
 (2) 

△ 𝛼௭,௜ ൌ 2 arcsin
△ 𝐴௭௜,ଵ

2𝑅௜,ଵ
 (3) 

Since the azimuths of neighbouring heliostats on individual rings within the same region are the 
same, it is only necessary to use the azimuth of the first ring △ 𝛼௭,௜, to derive the number of heliostats 
𝑁௛௘௟,௜, for all the rings in the region: 

𝑁௛௘௟,௜ ൌ
2𝜋

△ 𝛼௭,௜
 (4) 

As the distance between the heat-absorbing tower and the fixing mirrors increases, the radius of 
the circle increases accordingly, which leads to an increase in the directional spacing between the 
fixing mirrors. In order to avoid too sparse arrangement of the heliostats in the region away from the 
heat absorption tower, the EP layout introduces a hyperparameter named 𝐴௥௟௜௠. The EP layout is 
designed as a super-parameter. When the orientation spacing of the heliostats between the end ring 
and the first ring exceeds 𝐴௥௟௜௠ in a region in the mirror field, a new mirror field region needs to be 
started. And to start the i+1th region, the following conditions need to be satisfied: 

△ 𝐴௭௜,௞

△ 𝐴௭௜,ଵ
൐ 𝐴௥௟௜௠ (5) 

The radial distance of the heliostat at the junction of the neighbouring mirror field regions is 
constant and is denoted as △ 𝑅 ൌ 𝐷𝑀. Where 𝛥𝑅ଵ,ଵ denotes the radial spacing between the first and 
the second ring in the 1st region of the mirror field, which is calculated as follows: 

∆𝑅ଵ,ଵ ൌ ට𝐷ெ
ଶ െ ሺ∆𝐴௓ଵ/2ሻଶ (6) 

Starting at ring 3, it is necessary to determine the shortest radial distance that will not be occluded 
by ring 1. To calculate this distance, we use the unobstructed geometric mapping method, which is 
shown schematically below[10]. 
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Figure 2. Geometrical calculation of the shortest radial distance  

In the Figure 2, 𝛽ଵ represents the angle of the ray from the centre point of the heat absorber to the 
front row of heliostats to the y, while 𝛽ଶ represents the angle of the ray from the centre point of the 
heat absorber to the midpoint of the line connecting the centres of the front and rear rows of heliostats 
to the y. 𝑍଴  denotes the fixed height of the heliostats. 𝐻௧  denotes the optical height of the heat 
absorbing tower.  𝐿  denotes the Euclidean distance of the ray from the centre point of the heat 
absorber to the target heliostat in front of the front row of heliostats. From the centre point of the heat 
absorber, a tangent line is made along the front row of heliostats until it is tangent to the target 
heliostat. This tangent line represents the reflected rays of the target sidereal mirror that are not 
blocked by the front row sidereal mirror. 𝐿௔ is half the distance between the centre points of the two 
sidereal mirrors at this point, i.e. half the radial distance. 𝐿௕ is the sum of the radii of the front row 
sidereal mirrors, 𝑅௜,௝,and 𝐿௕. 𝑅଴ denotes the radius of the sidereal mirror's circle, which is equal to 
half the sidereal mirror's height. Based on these geometric relationships, the unobstructed radial 
distance between the rear row of heliostats and the front row of heliostats can be calculated as follows: 

𝐿௔ ൌ ටሺ𝐻௧ ൅ 0.5𝐿 െ 𝑍଴ሻଶ ൅ 𝑅௜,௝
ଶ  (7) 

𝛽ଵ ൌ arcsin ൬
𝑅௜,௝

𝐿௔
൰  (8) 

𝛽ଶ ൌ arcsin ൬
𝑅଴

𝐿௔
൰ (9) 

𝐿௖ ൌ tanሺ𝛽ଵ ൅ 𝛽ଶሻ ൉ ሺ𝐻௧ െ 𝑍଴ሻ (10) 

∆𝑅௜,௝ ൌ 2𝐿௕ ൌ 2൫𝐿௖ െ 𝑅௜,௝൯ (11) 

2.2. Objective function and constraints under EB (unobstructed) layout 

Based on the previous discussion, it is only necessary to set the hyperparameters 𝐴௥௟௜௠ and 𝐴௦௙ 
of the EP layout, and then according to the theory of EP layout, we can determine the coordinate 
positions of all the heliostats. Once these coordinates are obtained, we can combine the vertical height, 
width 𝑊௦, and height 𝐻௦ of the heliostats, and according to the optical efficiency calculation method, 
we can obtain the formula for the annual average thermal power output per unit mirror area: 

heat-absorbing tow
er 
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max 𝐹 ൌ
𝐷𝑁𝐼 ∑ 𝐴௜𝜂௜

௡
௜ୀଵ

∑ 𝐴௜
௡
௜ୀଵ

 (12) 

𝜂 ൌ 𝜂௖௢௦ ൉ 𝜂௦௕ ൉ 𝜂௔௧ ൉ 𝜂௧௥௨௡௖ ൉ 𝜂௥௘௙ ൌ 𝑓ఎ൫𝐴௥௟௜௠, 𝐴௦௙, 𝑍଴, 𝑊௦, 𝐻௦൯ (13) 

Where: N is the total number of heliostats ,A୧ is the area of the first heliostat. 
If it is required that the total average annual thermal power output shall not be less than 60 MW, 

secondly, the distance between any two heliostats shall be at least five times greater than the width 
of the heliostats and no heliostats shall be permitted to be placed around the heat-absorbing towers, 
i.e., within the R୫୧୬ range. In addition to the constraints on the mirror width, mirror height, and 
mounting height itself, it is also necessary to constrain that the width of the heliostat should normally 
be no less than its height. The specific constraints are shown below. 

𝑠. 𝑡.    

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑊ௌ ൒ 𝐻ௌ

ሺ𝑥ଶ െ 𝑥ଵሻଶ ൅ ሺ𝑦ଶ െ 𝑦ଵሻଶ ൒ 5 ൅ 𝑊ௌ

𝑅௠௔௫
ଶ ൒ 𝑥௜

ଶ ൅ 𝑦௜
ଶ ൒ 𝑅௠௜௡

ଶ

2 ൏ 𝑊௦ ൏ 8
2 ൏ 𝐻௦ ൏ 8
2 ൏ 𝑍଴ ൏ 6

𝐷𝑁𝐼 ෍ 𝐴௜𝜂௜

௡

௜ୀଵ

൒ 60ሺ𝑀𝑊ሻ

 (14) 

2.3. Layout improvement in case of different heights and sizes of heliostats 

 
Figure 3. Geometric calculation of the shortest radial distance  

A method known as the EB (unobstructed) layout method was used above, which requires the 
determination of only two hyperparameters 𝐴௥௟௜௠ and 𝐴௦௙  to compute the coordinates of all the 
heliographs. The cleverness of this method lies in the reduction of the dimensionality of the 
parameters, which reduces the time complexity of solving the problem.The geometric method for 
calculating the shortest radial distance in this layout is shown in Figure 3 above. 

Referring to the idea of EB layout, this method is further optimised by considering the case that 
the mirror width, mirror height and mounting height can be different for different heliostats. We 

heat-absorbing tow
er 
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introduce the tilt angle β and the variation factor 𝐴௥, where the tilt angle β denotes the degree of tilt 
of the mirrors and the variation factor 𝐴௥ denotes the coefficient by which the mirror widths and 
mirror heights of the heliostats change with the increase in the number of rings starting from the first 
heliostat on the first ring, which makes it possible to determine the spatial co-ordinates of all the 
heliostats of the whole mirror field with the determination of the four parameters only, 𝐴௥௟௜௠、
𝐴௦௙、𝛽 and 𝐴_𝑟. Once the coordinates of the heliostat are determined, the thermal power output of 
the heliostat field can be estimated. 

Suppose that at different heliostat locations, their vertical distance from the ground remains fixed 
𝑍_0 , but the ground will exhibit a slope with an angle of inclination β, but exhibits a slope with an 
inclination angle of β . For the j+1 ring on the i region, the difference in height between them can be 
expressed as H_(ij+1), and then the true distance from the ground on this ring Z , can be calculated 
from 𝑍଴ and H_(ij+1): 

𝐻௜௝ ൌ 𝑅௜௝ tan 𝛽 (15) 

𝑍௜௝ ൌ 𝐻௜௝ ൅ 𝑍଴ (16) 

Assuming that the centre coordinate of a previous heliostat is ሺ𝑦ଵ, 𝑧ଵሻ , and the centre coordinate 
of the heliostat to be solved is ሺ𝑦ଶ, 𝑧ଶሻ , based on the geometrical relationship, we can obtain the 
characteristic circular equation of the heliostat to be solved and the linear equation of the tangent line 
as follows: 

ሺ𝑦 െ 𝑦ଶሻଶ ൅ ሺ𝑧 െ 𝑧ଶሻଶ ൌ ሺ0.5𝐻௦ሻ^2 (17) 

𝑦
𝑦ଵ

ൌ
𝑧
𝑧ଵ

ൌ 1 (18) 

Solving for the geometric relationship gives: 

𝑅௜௝ ൌ 𝑦ଶ ൌ
െ𝐵 െ √𝐵ଶ െ 4𝐴𝐶

2𝐴
 (19) 

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧

𝐴 ൌ െ𝑧ଵ
ଶ𝑦ଵ

ଶ

𝐵 ൌ 2𝑧ଵ𝑦ଵሺ𝑧ଵ െ 𝑧଴ሻ

𝐶 ൌ ൬
𝐻௦

2
൰

ଶ

ሺ1 ൅ 𝑧ଵ
ଶ ൅ 𝑦ଵ

ଶሻ െ ሺ𝑧ଵ െ 𝑧଴ሻଶ

𝑦ଵ ൌ
െ𝑏 െ √𝑏ଶ െ 4𝑎𝑐

2𝑎

𝑎 ൌ 𝑎ଵ
ଶ ቆ൬

𝐻௦

2
൰

ଶ

െ 𝑦ଵ
ଶቇ

𝑏 ൌ 2𝑦ଵ𝑧ଵሺ𝑧ଵ െ 𝑧଴ሻ

𝑐 ൌ ൬
𝐻௦

2
൰

ଶ

െ ሺ𝑧଴ െ 𝑧ଵሻଶ

 (20) 

After the layout correction, the rest of the calculations are the same as above and will not be 
repeated. 

2.4. Objective function and constraints under EB (improved) layout 

The modified EB layout involves hyperparameters including 𝐴௥௟௜௠、𝐴௦௙，𝛽, 𝐴௥, using which 
the coordinate positions of all heliostats can be determined. With this coordinate information, the 
annual average thermal power output per unit mirror area is estimated by optical efficiency 
calculation methods, combining the mirror width 𝑊௦ , vertical height 𝑍௦  and mirror height 𝐻௦  of 
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each heliostat. It is important to note that the mirror width 𝑊௦ , mirror height 𝑍௦ and vertical height 
𝐻௦ are no longer fixed values, and detailed calculations are required to determine the specific values 
for each mirror. 

max 𝐹 ൌ
𝐷𝑁𝐼 ∑ 𝐴௜𝜂௜

௡
௜ୀଵ

∑ 𝐴௜
௡
௜ୀଵ

 (21) 

𝜂 ൌ 𝜂௖௢௦ ൉ 𝜂௦௕ ൉ 𝜂௔௧ ൉ 𝜂௧௥௨௡௖ ൉ 𝜂௥௘௙ ൌ 𝑓ఎ൫𝐴௥௟௜௠, 𝐴௦௙, 𝛽, 𝐴௥, 𝑍଴, 𝑊௦, 𝐻௦൯ (22) 

Where: 𝐴௜ is the area of the first heliostat and 𝑁 is the total number of heliostats. 

𝑠. 𝑡.    

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑊ௌ ൒ 𝐻ௌ

ሺ𝑥ଶ െ 𝑥ଵሻଶ ൅ ሺ𝑦ଶ െ 𝑦ଵሻଶ ൒ 5 ൅ 𝑊ௌ

𝑅௠௔௫
ଶ ൒ 𝑥௜

ଶ ൅ 𝑦௜
ଶ ൒ 𝑅௠௜௡

ଶ

2 ൏ 𝑊௦ ൏ 8
2 ൏ 𝐻௦ ൏ 8
2 ൏ 𝑍଴ ൏ 6

𝐷𝑁𝐼 ෍ 𝐴௜𝜂௜

௡

௜ୀଵ

൒ 60ሺ𝑀𝑊ሻ

 (23) 

After obtaining the objective function and constraints, a simulated annealing algorithm can be used 
to solve the problem. 

3. Results 

Figure 4(a)below shows the distribution of the fixed heliograph field in the EB (Shelterless) layout. 
The value of the objective function is relatively high in the initial phase of iterations, but it gradually 
and steadily decreases with the increase of the number of iterations, and finally converges to a 
desirable minimum value. In the optimal solution, the value of the hyperparameter 𝐴௥௟௜௠ is 1.72 and 
the value of the azimuthal spacing factor 𝐴௦௙ is 1.9.  

Figure 4(b) below shows the distribution of the fixed heliograph field in the EB (improved) 
layout.After applying the simulated annealing algorithm for the solution, the optimal solution is 
obtained as shown in Figure 5 above, where the optimal value of the hyperparameter 𝐴௥௟௜௠ is 1.5732 
and the optimal value of the azimuthal spacing factor 𝐴௦௙ is 1.4189. 

Figure 4. (a) Distribution of the fixed heliograph field in the EB (Shelterless) layout 

(b) Distribution of the fixed heliograph field in the EB (improved) layout 
The results of the distribution of the fixed heliostat field at the optimal parameters solved using 

the simulated annealing algorithm in the EB (Shelterless) layout are shown in Figure 5(a).The results 
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of the distribution of the fixed heliostat field at the optimal parameters solved using the simulated 
annealing algorithm in the EB (improved) layout are shown in Figure5(b). 

Through the iterative optimisation of the simulated annealing algorithm, the heliostats were able 
to be arranged in an optimal manner to maximise the average annual thermal power output per unit 
mirror area. 

 
Figure 5. (a) Schematic representation of the heliostat field with EB (Shelterless) layout 

(b)Schematic representation of the heliostat field with EB (improved) layout 

Table 1. Average optical efficiency and output power on the 21st of each month for both layouts 

Time 

Average 
optical 

efficiency 

Average 
cosine 

efficiency 

Average Shadow 
Occlusion Efficiency 

Efficiency 

Average cut-off efficiency 
efficiency 

Mirror per 
unit area 

Average thermal 
power output 

Shelterl
ess 

impro
ved 

Shelterl
ess 

impro
ved 

Shelterless improved Shelterless improved Shelterless improved 

21-Jan 0.39 0.41 0.73 0.73 1 1 0.61 0.61 1.33 1.53 
21-Feb 0.41 0.42 0.75 0.75 1 1 0.61 0.61 1.48 1.59 
21-Mar 0.42 0.43 0.77 0.77 1 1 0.61 0.61 1.61 1.61 
21-Apr 0.43 0.44 0.79 0.79 1 1 0.61 0.61 1.71 1.67 
 

Table 2. Annual average optical efficiency and output power for both layouts 

layout 
Average 
optical 

efficiency 

Average 
cosine 

efficiency 

Average Shadow 
Occlusion 
Efficiency 
Efficiency 

Average cut-off 
efficiency 
efficiency 

Average annual 
thermal power 
output(MW) 

Average 
thermal power 
output per unit 
area of mirror 

Shelterless 0.415 0.766 1 0.609 177.461 1.562 
improved 0.4283 0.7654 1 0.6136 234.8212 1.6359 

 

Table 3. Design parameters for both layouts 

layout 
Absorption tower 

position 
coordinates 

Sunset mirror 
size (W×H) 

Installation height of 
fixed-sun mirror (m) 

Total number 
of heliostats 

Total area of 
heliostat 
(m^2) 

Shelterless (0, 0) 7.926×7.852 2.5111 1826 113641.3657 
improved (0, 0)   3249 92283.657 
In Tables 1,2 and 3 below, the optical efficiencies of the heliostat mirror field and the calculation 

results of the relevant parameters are demonstrated. When the hyperparameter 𝐴௥௟௜௠ is set to 1.5732 
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and 𝐴௦௙  is set to 1.4189, the annual average thermal power output per unit area of mirror is 
1.636𝑘𝑊/𝑚ଶ, and the annual average thermal power output is 234.8213 MW. Compared with the 
results of the EB (Shelterless) layout, the number of heliostat mirrors in the EB (improved) layout is 
increased to 3249, and the total area of heliostat is 32283.657 𝑚ଶwhich increases the number of 
heliostats by 77.92% but decreases the total area of heliostats by 18.77%, and increases the annual 
average thermal power output per unit area of mirrors by 4.76%. 

4. Conclusions 

In this paper, by using the mirror diameter layout method, thousands of unknowns, such as the 
number of unknown fixed-sun mirrors and their coordinates, are completely represented by fewer 
unknowns, which reduces the dimensionality of the decision variables, and thus reduces the time 
complexity of the solution problem. Moreover, the simulated annealing method is used as a nonlinear 
optimisation method, which is capable of solving complex nonlinear problems without information 
about the gradient of the objective function. This method is well suited for problems where the 
derivative information needs to be ignored and is easy to implement. However, when different sizes 
of heliostats are allowed to be used, there may be some limitations in this paper when only the case of 
inclined planes is considered. This is because in practice, different sizes of heliostats may be suitable 
for different situations or tasks. For example, a tilted plane is suitable for some specific solar tracking 
applications, but in other scenarios a different type of heliostat may be required, such as a spherical or 
refractive type. 
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