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Abstract: Solar energy is generally utilized in two ways. One is to utilize the photovoltaic
effect to convert light energy into electrical energy; the other is to utilize sunlight radiation
to convert light energy into heat energy. The second way is realized by the tower solar
thermal power generation system in industry, and the main factor affecting the tower solar
thermal power generation system is the fixed heliographic mirror field. In this paper, by
establishing a physical model of the heliostat mirror field, a simulated annealing optimization
algorithm is used to theoretically optimize the design of the existing heliostat mirror field,
and ultimately an approximate dense circular arrangement of the mirror field is found, which
results in the highest average annual power output per unit of mirror surface area. The final
optimized fixed-sun mirror field arrangement in this paper will effectively improve the
optical efficiency of the mirror field and contribute to the development of the photovoltaic
industry.

1. Introduction

Tower solar thermal power generation systems use large-scale controllable heliostat mirrors to
track and reflect sunlight and converge it onto the collector located at the top of the absorption tower.
As the key part of the tower solar thermal power station, the array arrangement and efficiency of the
heliostat mirror field is an important factor in determining the collector efficiency. Therefore, the
optimal design of heliostat mirrors and the optimal arrangement of the mirror field are of great
significance for the efficient utilization of solar energy and the improvement of the efficiency of the
power station. The traditional fixed-sun mirror field arrangement often adopts a circular arrangement,
this arrangement does not maximize the land resources, that is, the arrangement of fixed-sun mirrors
doesn’t reach the most intensive arrangement state, and the construction process lacks a complete
theoretical model for guidance.

In this paper, the latitude and longitude of the heliostat mirror field, the variation of solar rays, the
arrangement of the mirror field, and the size of the collector tower are considered comprehensively
to establish a mathematical model of the heliostat mirror field. In this related paper™, a mathematical
model was proposed for the analysis of the optical efficiency of the solar tower power plant. Detailed
optical losses are mainly losses by blockage, shading, spillage, and atmospheric mitigation. And in
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this related paper!?!, the mathematical model of the integrated drive system is developed, including
the solar, tower, and heliostat models. Then the optimal arrangement of the mirror field is calculated
by using modern optimization algorithms such as simulated annealing algorithm, particle swarm
algorithm, genetic algorithm, and so on.

2. Calculation method of annual output power of heliostat field

Firstly, the variation of the sun's rays is described. The established mathematical model assumes
that the sun's rays are parallel beams, which are only determined by the sun's altitude and azimuth
angles. Due to the rotation of the sun and the rotation of the earth, the azimuth angle of the sun and
the altitude angle of the sun are different at different times, and the control system controls the normal
direction of the heliostat according to the real-time position of the sun to improve the utilization of
light. To simplify the model calculation, the time points are taken as 9:00, 10:30, 12:00, 13:30, and
15:00 local time on the 21st day of each month.

Secondly, the way the mirror field is arranged determines the optical efficiency of the mirror field®-
51, The optical efficiency 1 of the mirror field is calculated as follows:

N = NsbNcosNatNtruncllref (1)

Therefore, the optical efficiency is determined by five sub-efficiencies, the shadow masking
efficiency ng,, the cosine efficiency n.,s, the atmospheric transmission efficiency n,., the
truncation efficiency 7;,,n, and the specular reflection efficiency n,.r. The average annual output
power E,.q, of afixed-sun mirror field can be calculated by the following formula:

Eyear = DNI * Z?Aini (2)

It can be seen that the annual average output power is mainly determined by four factors such as
the normal direct radiation irradiance DNI, the total number of heliostats n, the light-gathering area
A; of the heliostat and its optical efficiency 7;.

The normal direct radiation irradiance DNI can be calculated by the following equation:

( DNI = Gy(a + be wna)
a = 0.4237 — 0.00821(6 — H)? @)
b = 0.5055 + 0.00595(6.5 — H)?
¢ = 02711+ 0.01858(2 — H)?

a, b, c are constants and are only related to the altitude H(Km) of the heliostat mirror field. So
the value of DNI is only related to the sun's altitude angle a; in the case of a fixed mirror field
location.

3. The model of sun ray

The sun's rays can be considered as parallel beams for a heliostat field. The position of the sun is
only determined by the time, so for a heliostat mirror at the same time and in the same place, the
vector of incident light from the sun is the same. The incident light reflected by the heliostat needs to
be directed to the heat absorber, so the coordinates of the mirror and the coordinates of the heat
absorbing tower are known to determine the vector of the reflected light.

First, determine the sun's altitude angle and azimuth angle, following that is to find the sun's
altitude angle « and azimuth angle y;, the formula is as follows:
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sina; = cosécospcosw + sindsing
cosy, = sind—sinagsing (4)
COSagCoSP
where ¢ is the local latitude, positive for north latitude; w is the solar time angle, the formula is
as follows:

Y
w=— (ST —12) (5)
where ST is the local time and & is the angle of solar declination. The formula of § is as
follows:
ins = sin 22 sin(2™~
sind = sin v sm(360 23.45) (6)

where D is the number of days counted from the vernal equinox as day 0, the value of D for the
21st day of each month is calculated as Table 1:

Table 1: The date corresponds to D

January 21 | February 21 March 21 April 21 May 21 June 21
306 336 0 31 61 92
July 21 August 21 September 21 | October 21 | November 21 | December 21
122 153 184 214 245 275

The final calculated azimuth and altitude angles are shown in Fig 1.
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Figure 1: The changes in solar altitude and azimuth

After obtaining the solar azimuth and altitude angle at each moment, the vector of incident light 7
at each moment can be calculated. The formula is as follows:

1 = (cosyscosas, cosagsinys, sinag) (7
4. The model of optical efficiency
The optical efficiency has five sub-efficiencies consisting of a constant 0.92 for specular
reflectance and an atmospheric transmittance that can be calculated from the following equation:

Nae = 0.99321 — 0.0001176d,, + 1.97 x 1078 x d?, (8)

where dgy is the distance from the center of the mirror to the center of the collector.
In summary, the three factors that need to be modeled for discussion are the shadow shading
efficiency, the cosine efficiency, and the truncation efficiency.
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4.1 Cosine efficiency

It is obtained from the relevant literaturel®”l that the cosine efficiency is the cosine of the angle of
incidence of the light ray, so n.s = cos@. 8 is the angle of incidence angle, then the cosine
efficiency can be found by finding the value.

Establish a planar Cartesian coordinate system centered on the collector, with the ground as the
oxy-plane, expanding to a spatial Cartesian coordinate system. The reflected ray vector is determined
by the coordinates of the mirror center of the fixed-sun mirror (x,y,z) and the coordinates of the
collector (0,0,h), so the vector of reflected ray 7 = (x,y,z — h). And according to the law of
reflection:

1+ 7 = 27icos6 9)

Then the mirror normal vector 7 can be obtained.
4.2 Efficiency of shadow occlusion

Based on the relevant literature!®, it can be summarized that the efficiency loss due to shadow
shading consists of two main components. The first part is the loss of light due to shading between
the heliostat and neighboring heliostats. The second part is due to the absorption tower in the sun
under the shadow, and cause in the shadow of the fixed sun mirror can not absorb the sunlight
generated by the loss of light.

Firstly, discussed the first part of the loss. Two neighboring mirrors, A and B, establish a mirror
coordinate system using the fixed-sun mirror's center as the origin, and the same coordinate system
is established on mirror B as shown in Fig 2. Find the conversion formula for the A coordinate system,
B coordinate system, and the ground coordinate system. That is, the transformation matrix T:

—sinEy —sinAycosEy  cosAycosEy
T = cosEy  —sinAysinEy  cosAysinEy (10)
0 cosAy sinAy

Ay is the angle between the mirror surface of the fixed-sun mirror and the ground normal, and is
the angle between the normal vector of the mirror surface and the y-axis of the ground coordinate
system. The specific conversion process will not be discussed too much here as it has been given in
the related literature®%. In conclusion, mirror A is divided into grid points with a step size of 0.01m,
and traversing these points will give us a conclusion about whether these points will fall on mirror B.
Then the ratio of points falling on mirror B to the total number of points is the loss of shadow masking
efficiency. And shadow shading efficiency = 1 - loss of shadow shading efficiency.

Figure 2: Schematic diagram of shadow light blocking effect
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After traversing the program it is obtained that there is no case where occlusion occurs in the front
and back mirrors, so the shadow occlusion efficiency is only determined by the second part. The
second part is discussed next.

The second part of the loss is determined by the shadowing caused by the absorber tower, then the
shaded area is represented and the number of heliostats that are in the shaded area can be found by
traversing the coordinates of all heliostats.

Firstly, the representation of the shaded area is discussed. Since the diameter of the absorption
tower is much smaller than the diameter of the heliostat field, the absorption tower can be regarded
as a thin rod, and according to the relevant literature and mathematical.

L

T Y[ .
E—n(;—arcsmas)

| = (11)

L is the height of the thin rod and n is the atmospheric refractive index, which in this case is taken
to be the constant 1.0003. Solve the program to obtain the value of L at 60 moments. And the shaded
area can be considered as a rectangle which can be represented by four straight lines:

3.5
( Y = cosysx — =
3.5
Yy = CcoSysx + cosye (12)
Yy = —COSYsX
!
y = —cosysx — o

4.3 Cut-off efficiency

The ray of light formed by the reflection of a mirror is conical. Since the sun's rays are actually
conical rays, the conical beam converges and concentrates at the center of the heliostat, and is
reflected to form a spot on the collector. Because of the limited size of the collector, this results in
part of the spot being truncated, also known as the light overflow phenomenon. Defining the spot
boundaries by the fringe rays of the conical rays, the angle of incidence is 8. From the straight line
distance between the center of the mirror and the center of the collector, the radius of the circular spot
can be found to be r. A simple focusing strategy was used to simply position the reflective spot of
the heliostat at the center of the vertical height of the collector. Fig 3 is the Schematic diagram of
truncation effect. The truncation efficiency can be expressed as:

_ R
Merunc = R+2dygrtan®

(13)

R is the diameter of the cylindrical collector. Both of the angle of incidence and the distance
between the two center positions can be calculated from the previous equations. This equation is then
used to solve for the truncation efficiency at each point in time for each fixed-day mirror, which in
turn calculates the annual average truncation efficiency.
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Figure 3: Schematic diagram of truncation effect
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Figure 4: Schematic diagram of optical efficiency composition

Fig 4 is the schematic diagram of optical efficiency composition, which help readers understand
composition better.

5. Mirror field arrangement

After establishing the physical model of the mirror field, the optimal arrangement of the mirror
field is discussed. In the actual power production, the construction cost of the mirror field is related
to the construction complexity of the mirror field, the number of mirrors, the size of the mirrors and
other factorsi™*%l. Generally speaking, in the case of a certain optical efficiency, the more the number
of mirrors, the larger the mirror size, the larger the annual average output thermal power, but the
corresponding construction cost will also be larger. Therefore, the thermal power per unit mirror
surface area can be used as the target value, and when the thermal power per unit mirror surface area
is maximized, it is determined that the mirror field arrangement is optimal at this time.

5.1 Comparison of three types of arrangements

In the construction of actual tower solar thermal power systems, mirror fields are often arranged
in four ways, square, circular, Campo, and bionic. According to the relevant literaturel'161, Campo
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arrangement and bionic arrangement are not adopted in the actual construction because the
construction difficulty and cost of Campo arrangement and bionic arrangement are much larger than
their net gain in optical efficiency. This paper also innovates an arrangement, the Dense Circular
Arrangement. Optical efficiency and annual average thermal power per mirror area for the three
arrangements are discussed next.

It is assumed that a circular heliostat field will be constructed in a circular area centered at 98.50
E, 39.4o N, 3000 m above sea level, and 350 m radius. Take the center of the circular area as the
origin, the east direction as the x-axis positive, the north direction as the y-axis positive, and the
upward direction perpendicular to the ground as the z-axis positive to establish a coordinate system,
which is called the mirror field coordinate system. The planned height of the absorber tower is 80 m.
The collector is a cylindrical light-exposed collector with a height of 8 m and a diameter of 7 m. No
heliostat will be installed within 100 m of the absorption tower, leaving open space for the
construction of a plant for the installation of power generation, energy storage, control and other
equipment. The heliostats are square in shape and have sides between 2 m and 8 m in length. Fixed-
sun mirrors can be installed at a height of between 2 m and 6 m. They must be mounted at such a
height that the mirror surface does not touch the ground when rotating on a horizontal axis. The
distance between the centers of the bases of the adjacent heliostats is required to be more than 5 m
more than the width of the mirror due to maintenance and cleaning vehicle traffic*],

The next section describes the dense circular arrangement in this construction environment. This
type of arrangement is arranged from inside to outside according to the circle layer, because it is
required that no heliostat is allowed to be placed within 100m of the absorption tower, so the first
circle is arranged from 100 m. The question also requires that the distance between the centers of the
bases of adjacent heliostats be more than 5 m more than the width of the mirror, the distance between

the centers of adjacent mirrors is (\/S—0 + 5) m. S, is mirror area. The first mirror is lined up first,
and the coordinates of the first mirror are (100, 0) according to the form of polar coordinates.

2T

Rearranging the second mirror, the angle increment can be approximated to be E‘/S_‘) + 5 since it

is small. Similarly after lining up this circle of fixed-sun mirrors, the next circle is lined up in the
same increments. And so on until the number of heliostats reaches the required total number n of
heliostats. It is verified by the program that this arrangement does not cause shadow blocking between
two adjacent heliostats.
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Figure 5: Traditional circular arrangement and dense circular arrangement

In a traditional circular arrangement, 1,745 mirrors can be arranged in the construction
environment described above. Setting the size of both day mirrors as 6 m>6 m and the installation
height as 4 m, the average annual thermal power output was calculated to be 36.67 MW. And the
same arrangement of 1745 mirrors by dense circular arrangement has an average annual thermal
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power output of 37.88 MW. It can be seen that the output thermal power per unit mirror area of dense
circular arrangement is greater than that of traditional circular arrangement, i.e., the production
efficiency is higher. The layout diagrams of the two types of arrangement are shown in Fig 5.

5.2 Optimized and improved dense circular arrangement

The use of modern optimization algorithms can further improve the heliostat mirror field under
dense circular arrangement to maximize the thermal power output per unit mirror area. According to
the established mathematical model, the installation height of the heliostat mirrors in the heliostat
field affects the optical efficiency of the mirrors. According to the results of the optimization
algorithm, it is concluded that increasing the height of the heliostat mirrors from the inside to the
outside of the heliostat mirror field can effectively increase the optical efficiency of the mirror field.
So changing the mounting height of the heliostat mirror in each ring of the mirror field can effectively
enhance the average thermal power output per unit area of the mirror. There are a total of 15 circles
in the heliostat field, and the installation height is limited to between 2 — 6ém, so the height of the

first circle is taken as 2 m, and then each circle is raised by %m in turn. The final calculation gives

an average annual thermal power output of 38.81 MW, which is an improvement over the pre-
improvement effect.

6. Conclusion

In the end, this paper got the best mirror setup. In this paper, the mathematical model of heliostat
mirror field is established by considering the solar ray model, optical efficiency model of heliostat
mirror, and geographical factors, so that the average annual output power of the mirror field and the
power per unit mirror area can be calculated according to the mirror field arrangement. In this way,
the economic benefits of heliostat mirror field can be measured, which can help the related industry
personnel to get the optimal mirror field arrangement. However, there are still many problems in this
paper, such as the establishment of the mathematical model of the mirror field does not take into
account economic, environmental and other factors, the power per unit of mirror area as the only
measure of this value. Therefore, a comprehensive evaluation model TOPSIS, fuzzy comprehensive
evaluation method should be established to get a more realistic mirror field arrangement.
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