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Abstract. With the growing global demand for sustainable energy, tower-type photovoltaic power
plants have received a lot of attention as an efficient way to utilize solar energy. In this thesis, a more
perfect model of the heliostat mirror field was established from multiple angles and using various
methods. Using Cooper's solar declination formula, the precise solar position was obtained; with the
help of the HFLCAL model, the collector truncation efficiency was obtained, and the heliostat field
optical efficiency model was obtained, combining it with the genetic algorithm, the arrangement of
heliostat mirrors was optimized, and the heliostat field model was simplified, which greatly improves
the computational efficiency. Finally, the optimal annual average thermal power output per unit mirror
surface area is obtained as follows: the location coordinates of the absorption tower are: (0, -
101.5211), the number of heliostat mirrors is: 3653, the interval of heliostat mirror width is [3.5224,
4.7914], the interval of heliostat mirror height is [3.5008, 4.5000], and the interval of heliostat mirror
height are [2.2511, 5.9986].

Keywords: Transformation of the energy mix, HFLCAL model, model of heliostat mirror field, genetic
algorithm.

1. Introduction

In this paper, it is assumed that the size and mounting height of the heliostat mirror within the
heliostat field can be inconsistent, if the parameters of the heliostat field are redesigned by the design
requirements, the annual average output thermal power of the heliostat field reaches 60 and the annual
average output thermal power of the unit mirror area is as large as possible(Data source:mcm.edu.cn).

In this article, a genetic algorithm is used to optimize how to maximize the annual average optical
efficiency and output power of the heliostat field, and the arrangement parameters of the heliostat are
solved to obtain the values of the heliostat and the corresponding output power. A genetic algorithm
was first proposed by John Holland in the 1970s, the algorithm is a method of searching for the
optimal solution by simulating the natural evolution processt.

The position of the sun at a specific time is first obtained using the Cooper solar declination angle
approximation formula ! in combination with other parameters. Then the heliostat field coordinate
system is established, and the mirror normal vector of the heliostat is deduced according to the law
of light reflection to obtain the heliostat pitch and azimuth angles. Then the HFLCAL model is used
to obtain the collector truncation efficiency Bl, and the heliostat field optical efficiency model is
established, and a single-objective optimization model to maximize the annual average thermal power
output per unit mirror area is established.

2. Heliostat Field Analysis in Solar Towers

2.1. Preparation for modeling of the heliostat field

Before establishing the heliostat field model, the earth coordinate system and the heliostat surface
coordinate system are first established to lay the foundation for the next model solution.
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2.1.1 Coordinate System Establishment
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Figure 1. Heliostatic mirror coordinate system

With the center of the circular heliostat mirror field as the origin, the surface plane is the x and y
coordinate plane, the east direction as the x-axis positive direction, the north direction as the y-axis
positive direction, and perpendicular to the ground upward direction as the positive direction to
establish the spatial coordinate system, known as the mirror field coordinate system, also known as
the Earth coordinate system.

As shown in figure 1, each heliostat is analyzed and a coordinate system is established on the
heliostat, which is known as the heliostat surface coordinate system.

2.1.2 Description analysis and simplification

1)Sunlight is a conical ray

Sunlight is a cone of light rather than parallel rays, so to facilitate the analysis and calculation, in
the analysis of incident light and reflected light and solve the corresponding unit vector, the sunlight
dispersion of the cone of light is simplified as a cone of light in the axis of the line of light.

2)Simplified diagram of the heliostat, absorption tower, and collector

As shown in figure 2, each fixed-sun mirror size and mounting height is fixed, and the absorption
tower is 80m high, to make the fixed-sun mirror, absorption tower, and collector simplified diagram
can be obtained:
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Figure 2. Simplified diagram of the heliostat, absorption tower, and collector

2.2. Modeling of the heliostat field

The analysis leads to a heliostat field model that will consist of four components: solar position,
normal radiant irradiance, heliostat optical efficiency, and heliostat field output thermal power. Based

253



Highlights in Science, Engineering and Technology MMML 2024
Volume 98 (2024)

on the Earth coordinate system and the given conditions, The coordinates of the center of the ith
heliostat are (xi,yi,zi), The coordinates of the center of the collector are (xo,yo,20), The four parts of the
fixed heliostat field model are analyzed and the solution of the fixed heliostat field model will be
based on the solution of the four parts.

1)solar position(altitude angle as. azimuth yps. solar time angle @. angle of azimuth o)

Based on the acquired data, the heliostat field is at 98.5FE, 39.4N, and 3000 m above sea level,
analyzed by the established Earth coordinate system.

solar altitude angle as calculation formulal:

Sin o =C0SJ COS Y COS w+Sinosin g €))

@ is the local latitude and is positive at the north latitude, solar azimuth ys , calculation formulal!:

cos _sino —sinagsing 5
s COS @t COS @ @

solar time angle w calculation formula:
T
w=—(ST-12 3
- (5T-12) ®

included among these ST is local time.
angle of azimuth ¢ formula was calculated using the approximate formula proposed by Cooper in
1969:

284+ D

0 =23.45sin(2r ) 4)

included among these D is the yearly cumulative date, if 1 January is the first day, then 1 February
is the 32nd day.
2)normal radiation irradiance DNI

Normal radiation irradiance DNI is Approximated by the following equation ©:

DNI =G{a+bexp(— _C ﬂ
sin oy

a=0.4237-0.00821(6 - H)? (5)
b = 0.5055+ 0.00595(6.5— H)?
¢=0.2711+0.01858(2.5-H)?

The formula Go is the solar constant, Go=1.366kW/m?;H which is the height above sea level.Based
on the data it is known that the altitude of the heliostat field is, then H=3(unit km).

3)heliostat optical efficiency »

The optical efficiency corresponding to each heliostat is #i , the optical efficiency » formula:

77 = 77 sbncosnat 77trunc nref (6)

Five of these parameters were analyzed separately: respectively, specular reflectance #rer. sShadow
masking efficiency #sb. cosine efficiency #cos. atmospheric transmittance zat. collector cut-off
efficiency #trunc.

4)Thermal power output of the heliostat field Efiel

The thermal power output of the heliostat field Efieid formula is:

Efee = DNI Di Am, (7)
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Formulas DNI are the normal radiant irradiance, N is the total number of fixed-sun mirrors, #iis
the optical efficiency of the | heliostat, Ai is the light area of the | heliostat, then Ai=A-%sb, thus
equation (7) is rewritten as:

N
E e = DNIDZ A1, )
The thermal power output per unit area of the mirror is:
E.
E — field 9
N x A ©)

2.3. Fixed-sun mirror field model solution

2.3.1 initial conditions

Based on the simplified diagrams of the heliostat, absorption tower, and collector, the initial
parameters of some of the variables or symbols are determined, and a few of them can be obtained
from the analyses of the data that have been obtained, as follows:

X =0,Y,=0,2, :80+%><8:84,zi =4

@ =39.4°,ST =9,10.5,12,13.5,15 (10)
G, =1.366,H =3,N =1745,LW =6,LH =6
N =1745,7,, =0.92

Note: where specular reflectance can be considered as a constant value #rei=0.92.

The coordinates of the center of the collector in the Earth coordinate system are (xo,yo,20)=(0,0,84).
The coordinates of each heliostat in the Earth's coordinate system are (xi,yi,zi).

Step2. Model solving

1) Solve for the vector based on the position of the sun

due to STj values corresponding to different local times. The 21st of the 12 months under each
period is taken as the yearly accumulation day, which has k, (j=5,k=12).

The five values are shown in table 1:

Table 1. Local time value

ST;j ST1| ST2 | STs| STa | STs
takeavalue| 9 |10.5]| 12 | 135 15

Only one of the time cases, a fixed-heaven mirror, is considered in the model solution analysis.
Satisfy the formula:
Sinag =C0SO COS P COS @ +SiNJsing
sind —sinagsing
COS g COS @

CoSys =

11
w=" (ST -12) (b
12
284+ D

S = 23.45sin(2x
365

)

As shown in figure 3, the analytical treatment gives the unit vector of incident light as nr=(Xr,yr,zr) :
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X, = COS arg €0s( 75 —90°)
y, =C0sa sin(ys —90°) (12)
z, =sinag

The center of the heliostat pointing towards the center of the collector is the direction of the

reflected light, and the unit vector of the reflected light can be obtained after analytical processing as
ne=(X,Ys,Zf):

— PO—P _ (_Xi’_yi’zo_zi)
TR =Pl 24 y2 2
Iz \/xi +y°+(2,-7)

Based on the analysis of the unit vector of the incident light and the unit vector of the reflected
light, the normal vector of the mirror of the corresponding fixed-sun mirror can be obtained as:

(13)

-~ n,—n,
n=—=—= (14)
n, —n,
Vector-based solution of the pitch angle of a fixed-sun mirror 61 and azimuth angle 6-:
tan 6, = Z, +sing[m
\/xf + ¥ +(X + Y7 +127)cos” ag —2c0s e[ % sin y, -y, Cos e )M
(15)
tan g, = X; —COS g siny,[m

\/xf +y? +(xi2 +yi+ zf)cos2 as —2c0s agl( X siny, — y; cose; ) m
included among these m=(xi?+yi?+zi?)°">.
north

azimuth

/fﬁeliograph plane normal

Normal vector of the plane of the
fixed—sun mirror
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(overlook)

Figure 3. Diagram of azimuth

2) Solving for cosine efficiency #cos

The fixed heliograph coordinate system is analyzed, defining any fixed heliograph as a fixed
heliograph A, the three coordinate axes of the fixed heliograph coordinate system are Xa. ya. za, From
the optical properties, it is known that the angle of incidence and the angle of reflection concerning
the normal of the heliostat are both 6. Let i be the unit vector in the opposite direction of the incident
light with cosine efficiency!®!:

Ny = €086 =i
- , : (16)
i =(—cosa; sin ys,—CoS g COS g, —SiN &)
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3) Solving for atmospheric transmittance »at

dur is the distance from the center of the heliostat to the center of the collector, which can be
solved by substituting the coordinates of the Earth's coordinate system, and dur</000, The
atmospheric transmittance is calculated as ["!:

7, =0.99321—-0.0001176d, , +1.97x10° xd?,

(17)
2 2 2
dHR = \/(Xi _Xo) +(yi - YO) +(Zi _Zo)
4) Solving for specular reflectance #re
The reflectance can be considered a constant, #7rer=0.92.
5) Solving for shadow shading efficiency #s»
The following idea can be used for the calculation of shadow shading efficiency ©:
Shadow and mirror masking area
Mo =1- . (18)

Mirror area

the earth coordinate system and the heliostat mirror coordinate system are processed under this
calculation idea, and the unit matrix of the conversion relationship from the mirror coordinate system
to[tg\e earth coordinate system is obtained by combining the heliostat pitch angle 61 and azimuth angle
6.1,

Analysis can be seen: "shadow" that is, the incident light is blocked; "blocking” that is, the
reflected light is blocked. To a certain heliostat A, for example, in the heliostat on the establishment
of the coordinate system, in the heliostat A coordinate system under a point Q1(x1,y1,0), Q1 projected
through light propagation to a heliostat B on the plane to Qz(x2,y2,0), Determine Q2 Whether it's in
the sun-setting mirror B. If it is in then it is determined that the heliostat B is obscured thus creating
a shadow, and the obscuring situation is analyzed along similar lines.

6) Solving for collector cut-off efficiency #irunc

The collector truncation efficiency is solved and the HFLCAL model is used to calculate the
collector truncation efficiency #wunc. Analyzed to obtain the calculation formula:

1 X* +y?
=———||exp| - dydx
o =5 f{ p( = J y (19)
2 2 2 2
Gtot = \/d HR (Gsun + O-bq + Gast + Gtrack)
0'b2q = 4052
o - HZ+W.
=T (20)
H, =vLW xLH d%—cos@
W, =+/LW x LH d%cos@—]{

The relevant parameters are: osun=2.51mrad, os=0.94mrad, otrack=0.63mrad; where formula (19)
is analyzed for a cylindrical heat absorber, formula (20) where LH is the length of the heliostat, LW
is the width of the heliostat. Substituting into MATLAB and solving to get the collector truncation
efficiency.

7) Thermal power output of the heliostat field Efieiq
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Based on the process of solving the fixed heliostat field model, the output thermal power
calculation formula of the fixed heliostat field is obtained:

n= nsbncosnatntruncnref

N
E s = DNIDZ AR, (21)
A = LW, xLH,

Where DNI is the normal radiant irradiance:

DNI :Go{a+bexp[— _C H
sin

a=0.4237-0.00821(6 — H )2 (22)
b =0.5055+0.00595(6.5— H)?
c=0.2711+0.01858(2.5— H)?

Substituting into Matlab and solving, we get the output thermal power of the fixed-sun mirror field
Efield.

The results of the optical efficiency of each heliostat mirror at different times and, the thermal
output power of the heliostat mirror field will be obtained after model solving.

3. Optimizing Heliostat Fields with Complex Parameters

A review of a large amount of relevant literature shows that, under the same northern hemisphere
conditions (a power plant in Spain), obtaining the maximum annual average thermal power output
per unit area will result in an offset of the absorption tower position in the negative direction of the
axis, in other words, due south, in the heliostat field. Based on this scenario, a schematic diagram of
the absorption tower offset versus the heliostat distribution was obtained.

As shown in figure 4, based on the optimization model, a schematic diagram of the absorption
tower offset and heliostat distribution is established:

v axle

Fixed-sun mirror field (overhead)

\'

x axle

first layer

absorber tower

Figure 4. Schematic diagram of absorption tower offset and heliostat distribution

Schematic analysis of the absorption tower offset and heliostat distribution, with a coordinate of 0
on the x-axis of the absorption tower, reduces the number of parameters that need to be analyzed and
simplifies the calculation of the model.

Since the width, length and mounting height of any heliostat can be different, the optimization
parameters have a higher dimension, which leads to a more difficult solution using a conventional
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optimization algorithm. To ensure that the optimization results are robust and do not fall into a local
optimum, a genetic algorithm is used to solve the problem!l,

As shown in table 2. table 3. table 4 , the parameters and model are substituted into MATLAB and
the optimization model is solved using the genetic algorithm method to obtain the solution results.

Table 2. Average optical efficiency and output power table on the 21st of each month

Average Average Average Average thermal power
q . . shadow- Average cut- | output per unit area of
ates optical cosine blockin off efficienc mirror(kW/m?)
efficiency efficiency OcKing y
efficiency
1.21 0.5539 0.8209 0.8117 0.9896 1.2131
2.21 0.5452 0.7795 0.8798 0.8975 0.9114
3.21 0.5419 0.8216 0.8752 0.9521 1.2535
4.21 0.5281 0.7788 0.8771 0.9478 1.1158
5.21 0.4989 0.6789 0.8916 0.9358 0.8387
6.21 0.6199 0.7926 0.8317 0.9741 1.1832
7.21 0.5833 0.6582 0.8065 0.9902 0.8818
8.21 0.5714 0.7567 0.8849 0.9564 1.0953
9.21 0.5099 0.7151 0.8633 0.9382 1.342
10.21 0.5022 0.6863 0.8930 0.9376 0.8132
11.21 0.5792 0.7068 0.8113 0.9891 1.1015
12.21 0.6091 0.8371 0.8018 0.9803 1.0102

Table 3. Annual average optical efficiency and output power table

Average
Average Average Average Average annual Average annual
annual thermal thermal power
annual annual hadi annual cut- .
optical cosine shading off power output per unit area
efficienc efficienc Shading efficienc output of mirror(kW/m-)
y Y | efficiency y (MW)
0.5536 0.7523 0.8523 0.9734 60.5763 1.0698

Table 4. Design Parameter table

Absorption tower position coordinates

(xy)
(0, -101.5211) 3653 56623.9484

Total number of heliostats | Total area of heliostat(m?)

The interval of the value of heliostat mirror width is [3.5224, 4.7914]; the interval of the value of
heliostat mirror height is [3.5008, 4.5000]; the interval of the value of heliostat mirror mounting
height is [2.2511, 5.9986]. The results of the genetic algorithm run can be obtained after visualization:
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Figure 5. genetic image
As shown in figure 5, analyzing the genetic image shows that the value of the function, i.e. the
average annual thermal power output per unit area of mirror, stabilizes after the 17th generation of
inheritance and converges at 1.0698kW/m?.

4. Conclusions

This paper provides a research idea and framework for research in the field of optimal design of
heliostat fields, which can help in the design and construction of heliostat fields, realizing new energy
and modern development, and proving the feasibility of using genetic algorithms for the study of
heliostat field efficiency and optimization of the structure.

In response to the analysis of the results, the optimal annual average thermal power output per unit
mirror area is obtained as 1.0698MW. The coordinates of the absorption tower location are:(0, -
101.5211)The number of heliostats is 3653, the interval of heliostat width is [3.5224, 4.7914], the
interval of heliostat height is [3.5008, 4.5000], and the interval of heliostat installation height is
[2.2511, 5.9986]. In addition to the genetic algorithm, the Cooper solar declination formula is used
in the model-building process to obtain the accurate solar position.

In summary, this article adopts multi-model and multi-method, establishes a more perfect
mathematical model of the heliostat field, uses a genetic algorithm to solve it, obtains scientific and
reasonable results, proves the credibility of the model and calculation method in this article, and
provides ideas for the research in the field of optimal design of heliostat field.
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