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Abstract: This study focuses on the optimal design of a circular heliostat mirror field, aiming to improve
the energy utilization efficiency of a tower solar thermal power plant and help China achieve its carbon
emission reduction goals. Parameter analysis and optimization are carried out by tools such as Python
and MATLAB, and Monte Carlo simulation and other methods are used to calculate the relevant indexes
and establish a constrained optimization model to solve the design problems. For different constraints,
the particle swarm algorithm is used to optimize the parameters such as the size of the heliostat mirror
and the installation height, so as to maximize the annual average output power per unit mirror area.
Ultimately, the optimization model proposed in this study achieves a significant increase in the rated
annual output power under different scenarios, which provides an important reference for promoting the
application of new energy and achieving the goal of carbon emission reduction.
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1. Introduction

With the serious threat of global climate change, China is actively responding to the call for emission
reduction and promoting the development of new energy sources in order to achieve low-carbon goals
[1]. As a key component of the new power system, the design optimization of tower solar photovoltaic
power plants is crucial for energy utilization efficiency [2]. This study focuses on the optimal design of
a circular heliostat mirror field, which provides design guidance for a solar thermal power plant through
parametric analysis and optimization methods with an eye to maximizing optical efficiency and thermal
power output. Combining Monte Carlo simulation and particle swarm algorithms, we explore the effects
of parameters such as heliostat size and mounting height on the power output, aiming to contribute to
China's carbon emission reduction efforts and sustainable development. Through this study, we expect
to provide practical suggestions for new energy applications and the realization of carbon neutrality goals.

2. Power generation optimization model
2.1 Introduction to the parameters

The sun's declination &,
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b = 0.5055 + 0.00595(6.5 — H)? 6)
¢ = 02711 + 0.01858(2.5 — H)? %
Efieta = DNI Y A;n; (®)

Where G, is the solar constant, whose value is taken as 1.366 kW /m?. H is the altitude.

Solar azimuth v,

sin§—sin ag sin
cosy, = T SRAs TG O]

cos as cos ¢
Where ¢ is the local latitude, and north latitude is positive.
Optical efficiency 7,
1 = NspMcosNaMiruncrer (10)
Cosine efficiency 1.qs>
Neos = €OS O (11)
Solar transmittance efficiency 1,4,
Nae = 0.99321 — 1.176 X 10™*dy, + 1.97 X 1078d%z  (dyg < 1000m) (12)

Truncation efficiency 7.,

Energy received by the collector

(13)

Ntrune = Specular total reflection energy — Shadow blocking loss energy

2.2 Modeling

2.2.1 Arrangement of the fixed-heaven mirror field

From the parameter settings of the heliostat field and the coordinates of the heliostat, we derive the
arrangement of its heliostat field as shown in Figure 1.
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Figure 1: Arrangement of the heliostat field
2.2.2 Monte Carlo simulation method

(1) Firstly, we get the geographic location, time, heliostat and other parameters of the tower optical
hotspot station, which is the object of simulation, according to public

Equations. (1)-(13) to model the simulation and calculate the energy output of the plant according to
Equations. (4)-(9).

(2) Establish the ground rectangular coordinate system OXYZ with the bottom of the collector as the
origin.

(3) The coordinates of the position of the center of the heliostat are chosen to be, and its focus point
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is the center of the collectorQ (0,0, H) . And from the local time and other conditions to calculate the
sun's altitude angle, azimuth angle, so as to calculate the direction of the sun's incident light vector for:

lin = (sin(ay) cos(ys) , cos(as) cos(ys) , — sin(ys)) (14

And from the coordinates of the reflection point and the focusing point, the direction vector of the
reflected ray is calculated as.

Q-M _ (-xm~YMH-ZMm) (15)

e = =
-M
le-M| \/xﬁ,+y§,,+(H—zM)2

Based on the law of reflection of mirrors, the normal vector of the mirror of this fixed-sun mirror is
calculated to be:

lre=lin
bhor = Ta— (16)
(4) The cosine loss and atmospheric transmission efficiency of the heliostat are calculated from
Equations. (11)-(12).

(5) The Monte Carlo simulation method is used to calculate the shadow masking efficiency [3]. Firstly,
the point P is randomly generated on the mirror surface of the fixed-heaven mirror 1, and the number of
points P is np , and the coordinates of the point P in the mirror coordinate system are
(xp,Mirnor,yp,Mirror,0), and the affine matrix is obtained by the transformation relationship between
the mirror coordinate system and the ground coordinate system, so that the coordinates of the point in
the ground coordinate system can be calculated as (xp, yp, Zp). The coordinates of the point in the ground
coordinate system are calculated as (xp, ¥p, Zp). The relationship between the two is:

lnor(2) —lnor(%)lnor(¥) ( )
"\/lnor(x)z"'lnor(z)z \/lnor(x)z"'lnor(z)z nor “ XPp Mirror XM
[ypl \/lnor(x)2 + lhor(2)?  Lyor(¥) |- |YPMirror| + | VM (17)
—lnor(x) —lnor(¥) Inor(2) nor( ) Zp Mirror Zy

\/lnor(x)z+lnor(z)z \/lnor(x)z"'lnor(z)z
And due to the limitation of the mirror size, the point P satisfies the following conditions.

Then the equation of the incident ray passing through point P in the ground coordinate system with
direction vector l;;, can be calculated as,

X—Xp y—yp Z—Zp

lin()  1in(»)  lin(2) (18)
Similarly, the equation of the reflected ray after reflection through this mirror is.

X—=Xp _ Y=Yp _ z—2Zp

lyre(x) lre(¥) lre(2)

(19)

The shading efficiency is calculated by determining the number of points of intersection of incident
and reflected light with the heliostat 2 to see if the light will be blocked.

The specific calculation process is as follows: the normal vector of the heliostat 2 is [, The
coordinates of the center of the mirror are, then the mirror equation is written through the point normal
equation:

lnor(xi—l) : (x - xMt_l) + lnor(Yt—l) . (y - yMt_l) + lnor(zi—l) : (Z - ZMt_l) =0 (20)

Associated with the above equation, the intersection of incident and reflected rays and the plane of
the heliostat 2 is located in the space plane, the coordinates of the intersection point is to the ground as
the coordinate system, and then through the (14)-(17) to calculate the coordinates of the intersection point
under the coordinate system of the mirror 2 and according to the conditions of the (20) to determine
whether the point is within the mirror 2. The number of points of intersection of the incident and reflected
rays with the mirror 2 is finally found to beng; The number of points of intersection of the incident ray
and the reflected ray with the mirror2 isn;, Then the shadow blocking efficiency of the fixed-sun mirror
is.
nsthp

Nep = 1= 21

np
(6) Calculating the optical efficiency of each heliostat at each time point from (10).
(7) Calculate the output thermal power of the heliostat field from (4)-(8).
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The efficiency of a single heliostat is shown in Figure 2.

Annual average efficiency of a single heliostat mirror
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Figure 2: Cloud of annual average efficiency of a single heliostat mirror

Since the site was selected in the northern hemisphere, the average annual thermal efficiency cloud
for each heliostat is more realistic. The calculated efficiency and thermal power are shown in Figure 3.

Efficiency and thermal power data
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Figure 3: Efficiency and thermal power graph

3. Design of the heliostat field
3.1 Modeling

Firstly, we need to set the annual average output thermal power of the fixed-sun mirror field to 60
MW, and at the same time, we need to ensure that the annual average output thermal power per unit

mirror area is as large as possible, and considering other constraints, we have established a constrained
multi-objective parameter optimization model as follows.

12 5
Ya=12p=1 DNIabZIi\lzlAinab

max L = (22)

N-A
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2<h<e6
17” <h
12, ¥3-1[DNIy, Y01 Aimgp] = 60
ASi,l = ASi,Z = e = klw

ARy = [c2 = (Sij)°

(23)

Where [ is the height of the heliostat, and [,, is the width of the heliostat. H is the mounting height
of the heliostat, and 4; is the area of the i — th heliostat.

Due to the excessive number of variables, it is very difficult to optimize the solution directly, so we
get the arrangement of the fixed heliostat mirror field by searching the literature, which is mainly divided
into: Campo arrangement, DELSOL layout, EB layout, etc. [4-5]. In this paper, we only discuss the

Campo arrangement and the EB arrangement.

(1) Campo arrangement in this arrangement, if the heliostats are arranged in the densest way, the
positional relationship of the heliostats is shown in Figure 4.

Figure 4: Positional relationship of the heliostat

Since this arrangement of heliostats makes the azimuth and spacing between the heliostats very small,

it may result in extensive loss of shadow obscuration, so this arrangement is not chosen in this paper.

(2) EB Arrangement The schematic diagram of the EB arrangement is shown in Figure 5.
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Figure 5: Positional relationship of the heliostat

The azimuthal spacing of the regional heliostats in the mirror field is:
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AS;y =AS;, = =kl, 24)

Where k is the azimuthal spacing factor, which is mainly related to the tower height and is usually
taken as 2.

The radial spacing between neighboring mirror fields is:
2
ARy = [c? = (Si /2) (25)

3.2 Particle swarm algorithm

The particle swarm optimization algorithm proceeds as follows [6].

Step 1: Initialize the particle swarm parameters cl and c2, set the position boundary range and
velocity boundary range, initialize the particle swarm, and initialize the particle swarm velocity.

Step 2: Calculate the fitness value according to the fitness function and record the historical optimal
value ppes; and the global optimal value gj.s; The global optimal value is recorded.

Step 3: Utilizing the velocity update formula.

vt +1) = v;(t) + ey (pbestij ) — xij(t)) + o1y (gbestj - xij(t)) (26)
The velocity of the particle swarm is updated and bounded for out-of-bounds velocities.
Step 4: Utilize the position update formula x;;(t + 1) = x;;(t) + v;;(t + 1) Update the position of
the particle swarm and constrain the out-of-bounds position.

Step 5: Calculate the fitness value based on the fitness function.

Step 6: For each particle, compare its fitness value with its historical optimal fitness value and if it is
better, it will be taken as the historical optimal value ppeq; -

Step 7: For each particle, compare its fitness value with the fitness value of the optimal position
experienced by the population, and if better, use it as the global optimum pj,.; -

Step 8: Determine whether the end condition is reached (the maximum number of generation times
is reached), if so, output the optimal position, otherwise repeat steps 3-8.

Parameters and the predicted or empirical system efficiencies can estimate the number of heliostats
for the entire mirror field.

Po-SM

- DNIShelio Mhelio Nr 27
The partial results obtained from the calculations are shown in Table. 1.
Table 1: Results
Optic Cosine Shadow Truncation Output thermal | Output thermal
efficiency efficiency efficiency efficiency power power per unit
0.704023 0.846548 0.992764 0.940444 60.469986 1.291777

4. Optimization of heliostat field design

To further limit the size of the heliostat, the mounting height can be different, we adjust the constraints
of the model based on the assumptions in the previous section and some parameter selections and solve
the model using the particle swarm algorithm to get the final results.

12 5
Ya=12p=1 DNIlle?IzlAinab
XA

maxL = (28)
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17” <h
2215521 [DNIy X1 A;ngp] = 60
AS;y =4S, = =kl

5.t (29)

ARy = (e = (Sij)°

The results of the solution are shown in Table. 2 below.

Table 2: Results

Optic
efficiency

Cosine
efficiency

Shadow
efficiency

Truncation
efficiency

Output thermal
power

Output thermal
power per unit

0.698936

0.829881

0.993797

0.960444

70.179504

1.208542

5. Conclusions

In this study, we have successfully improved the energy utilization efficiency of a photovoltaic power
plant by optimizing the design of a circular heliostat field. Through the application of Monte Carlo
simulation and particle swarm algorithm, we effectively optimized the size, mounting height, and other
parameters of the heliostat mirror to maximize the optical efficiency and thermal power output. Our
results show that the annual average output power per unit mirror area of the heliostat field is significantly
improved while keeping the rated annual output power constant, which provides an important guidance
for new energy applications and the realization of carbon emission reduction targets. This study
contributes to the promotion of carbon emission reduction efforts and sustainable development in China
and provides useful insights for the design and optimization of future photovoltaic power plants.
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