International Journal of Frontiers in Engineering Technology

ISSN 2706-655X Vol.5, Issue 12: 80-87, DOI: 10.25236/1JFET.2023.051213

Research on heliostat field design based on multi
constraint particle swarm optimization algorithm

Ang Gaol", Xiangru Yan?, Jiayi Hu?

ISchool of Electrical and Electronic Engineering, Shandong University of Technology, Shandong, Zibo,
255000, China

2School of Mathematics and Statistics, Shandong University of Technology, Shandong, Zibo, 255000,
China

3School of Transportation and Vehicle Engineering, Shandong University of Technology, Shandong,
Zibo, 255000, China

*Corresponding author: Y15563720713@163.com

Abstract: In the context of global new energy development and low-carbon economy, optoelectronics is
expected to become the dominant energy source in China's future. Among them, tower solar thermal
power generation technology that utilizes heliostat field light harvesting and photothermal conversion is
the focus of development, but how to improve its power generation efficiency is urgent. Therefore,the
paper studied how to reasonably configure the heliostat field, adjust the size, quantity, relative position,
and parameters of the receiving tower, and fully utilize solar energy resources to maximize solar
radiation energy. The paper propose a mirror field layout design based on multi constraint particle
swarm optimization algorithm, and conduct specific research on its initial design, efficiency calculation,
and layout optimization. The paper first established the three-dimensional coordinates of the heliostat
based on formulas such as solar altitude angle, solar azimuth angle, and DNI, calculated the position
and optical path tracking of the sun and heliostat to obtain the efficiency of the heliostat, and then
calculated the thermal power output of the mirror field. The obtained results provide the basic data for
the next step of analysis.
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1. Introduction

Tower solar thermal power generation technology stands out rapidly among numerous solar power
generation technologies due to its advantages such as high concentration ratio, high system efficiency,
and good power quality, and has very broad development prospects [1]. However, due to the increase in
mirror field capacity of photothermal power plants, the problem of low efficiency of existing mirror
fields has become increasingly prominent. Through in-depth analysis of the mirror field design of tower
solar thermal power plants, a systematic review and comparison of key algorithms such as initial layout,
efficiency calculation, and layout optimization in different mirror field designs are conducted, providing
ideas and theoretical references for the construction and mirror field design of tower solar thermal power
plants. This plays an important role in efficiently collecting and utilizing solar energy and improving the
economic benefits of power plants [2]. The geographical location of the heliostat field, namely longitude,
latitude, and altitude, has been determined. The scope of the heliostat field is a circular area with a radius
of 350m, and there must be a space within a radius of 100m around the heat absorption tower. Therefore,
heliostats cannot be installed. Design and optimize the overall layout plan of the heliostat field while
meeting the requirements of not touching the ground and corresponding maintenance during the fine
adjustment process of the heliostat.

2. Determination of the position of the sun and positioning mirror
2.1 Establishment of Mirror Field Coordinate System
This article places the absorption tower at the center of the entire circular heliostat field, and the size

and height of the heliostat have been determined. Provide data on the center position of the heliostat. To
accurately represent the position of the heat absorption tower and heliostat, this article establishes the
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mirror field coordinate system with the center of the circular mirror field area as the origin, the east
direction as the positive axis, the north direction as the positive axis, and the zenith direction as the
positive axis [3], as shown in Fig 1. Among them, point C is the center of the heliostat, and its coordinates

are (xc s Vs 0) . The other physical quantities related to angle and orientation will be specifically solved

in the following text.

v

Figure 1: Model diagram of heliostat field coordinate system

Based on known data, draw a schematic diagram of mirror field arrangement in the mirror field
coordinate system as shown in Fig 2 [4].
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Figure 2: Spatial layout of heliostat field

Assuming that the arrangement of heliostats in the mirror field follows a radial uniform distribution,
the distance between the center points of each heliostat and a 100m concentric ring can be calculated to
verify the hypothesis.

2.2 Determination of the Sun's Position

Due to the continuous revolution and rotation of the Earth, the position of the sun will change over
time relative to a certain heliostat, causing a change in the normal direct irradiance of the sun projected
onto the heliostat field, which in turn affects the energy reflected by the heliostat onto the surface of the
heat collector. This causes the adjustment of the azimuth and elevation angles of the heliostat itself to
ensure that the reflected light smoothly falls into the absorption range of the heat collector. Therefore,
the determination of the position of the sun at a certain time is the first issue that needs to be addressed

in this article. The position of the sun can be represented by the sun's altitude angle [5] ¢, and the sun's

azimuth angle [6], 7, both of which are calculated as follows:

sin, = €c0s O COS ¢ COS @ +sIin O sin @ D
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sin ¢ —sin ¢_ sin
cosy, = ;SN P ?2)
cosa, Cos @

The calculations involving other parameters during the calculation process are as follows

@ ... Suntime angle, o Solar declination angle

T
w=— (ST-12 3
12( ) ®
sin & = sin 27D sin(2—ﬁ 23.45) 4)
5 360

P local latitude, @ ---- Suntime angle,

The above equation involves two date related parameters, where ST represents the local time and

D represents the difference between the current day and the vernal equinox. Please note that the vernal
equinox should be counted from day 0. Draw a three-dimensional map of the changes in solar altitude
and azimuth during the day, as shown in Fig 3 and 4.
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Figure 3: Schematic diagram of the variation of solar altitude angle over time
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Figure 4: Schematic diagram of changes in solar azimuth angle over time
2.3. Determination of heliostat position

Based on the apparent motion law of the sun, the next step in this article is to calculate the position

—

of the heliostat relative to the sun and the collector, which is the unit vector ¢ pointing towards the

center of the collector and the unit vector § pointing towards the direction of the sun at the center of
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the heliostat.

- -X, -y, -z,

1= 2 C2 27 [ 2 Lz 27 [ 2 2, .2 )
X, d Yoz, XoHyitz, (xXo+yitz;

s=(cosa, siny cosa, cosy, ,sina,) (6)

According to the law of reflection, the azimuth angle 7h and elevation angle % of the heliostat
can be obtained by the following formula:

: 2 2 2
cosa, Siny \|x; +y, +z; =X,

tany, = : — O]
cosa, siny \[x; +y. +z, —y,
. sinas,/xf+yf+zq2—zq
sina, = (3

2 2 2
Xty tz,

The position of the heliostat relative to the absorption tower is represented by the apparent height
angle ¢, of the absorption tower and the azimuth angle y, of the heliostat relative to the absorption

S+q|

tower. The calculation method is as follows:

_ZC
2 2 2
X Ytz
2

tano, = - (©))
—X. Ve
c + yL
Jiayiezl | (a2 eyiez
_xc
\/xcz +y, +2, X,
tany, =——=— (10)

Y. V.
2 2 2
ch +y. +z,

At this point, the physical quantities related to the position of the sun and heliostat have been solved.

3. Establishment and Solution of an Optical Efficiency Model for Heliostats

This article calculates and outputs a series of indicators such as the annual average optical efficiency,
annual average output thermal power, and annual average output thermal power per unit mirror area of
the heliostat field. During the entire process of energy transmission, a series of factors such as incident
light occlusion and atmospheric attenuation can cause energy loss and affect the optical efficiency of the
heliostat. According to reference [7], the calculation process for the optical efficiency of a heliostat 77

is as follows:

="M Ucos N rune Urc_’f ( 11 )

The following will solve each physical quantity separately.
3.1 Cosine efficiency

Cosine loss is a phenomenon of reduced received energy caused by the direction of sunlight not
always perpendicular to the heliostat surface, which affects the optical efficiency of the mirror field and
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is reflected in cosine efficiency 77, . The calculation process is as follows:

cos(26)+1
77COS = T (12)

Among them, @ is the incident angle of the heliostat, indicating that the angle between the unit

—

vector ¢ pointing towards the direction of the collector and the unit vector S pointing towards the

direction of the sun is twice that of &.

cos(20) =22 — 4.5 (13)

By solving equations (12) and (13), the cosine efficiency 77, of the heliostat is obtained, and its

distribution in the mirror field coordinate system is plotted. This article takes 9:00 am on March 21 as an
example to display, as shown in Fig 5.
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Figure 5: Distribution of cosine efficiency of heliostat field
3.2 Occlusion efficiency of incident light

In order to ensure that the output thermal power of the heliostat field meets the standard, under the
limitations of the field size, there is inevitably obstruction between the heliostats, causing a certain loss
of light intensity and affecting the optical efficiency of the heliostat. The calculation process of incident

light occlusion efficiency [8]77,, is as follows:

dtana
= > (14)
wcosa,(tana, +tana,)

sb

The factors that affect the occlusion efficiency of incident light 77, include:

d ---Heliostat spacing, @ ---Heliostat width

Solve to obtain the incident light occlusion efficiency 77, and draw its distribution map in the mirror

field coordinate system. This article takes 9:00 am on March 21 as an example to display, as shown in
Fig 6.
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Figure 6: Distribution of Occlusion Efficiency of Incident Light in the Heliostat Field
3.3 Truncation efficiency

The truncation efficiency [9] reflects the phenomenon of the shift or overflow of the solar spot
reflected by the mirror field when it falls into the receiving surface of the heat collector, that is, some
sunlight fails to shine on the collector, causing the loss of the spot. For heliostats that are far away from
the collector, the main reason is the diffusion of the solar spot, while closer heliostats are caused by the
stretching of the spot caused by a larger reflection angle, i.e. the incident angle. The energy flow density
distribution of the heliostat on the opening plane of the collector can be regarded as a Gaussian

distribution, and the value of 77, = can be obtained based on the calculation formula of truncation

efficiency:
X*2+y4<2
1 [ 2672 ] * *
Mrne =55 )] € dx"dy (15)
’ 270 -U
Where is o solar half angle, with a value of:
o =2.325%x10"rad (16)

3.4 Atmospheric transmissivity

In the optical path, dust and particles in the air can cause attenuation of reflected light, so the
atmospheric transmittance 77,, is affected by the distance d,,, from the center of the mirror to the

center of the collector [10].The calculation formula is as follows.

1, =0.99321-0.0001176d,, +1.97x10™ x d2,(d,, <1000) (17)

The mirror reflectance is 77,,., with a constant of 0.92. Through the above calculation process, the

ref ?
optical efficiency of a single-sided heliostat is finally output through formula (11), and the distribution
map of heliostat optical efficiency 77 in the mirror field coordinate system is drawn. This article takes
9:00 am on March 21 as an example to display, as shown in Fig 7.
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Figure 7: Distribution of optical efficiency of heliostats
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3.5 Solution of Thermal Power Model for Heliostats

The output thermal power £ field of the heliostat field will be directly affected by the optical

efficiency 77 of the heliostat, and its calculation process is as follows:
N
E ;q = DNI - ZA,]L- (18)

DNI ---Normal direct radiation irradiance, N ---Total number of heliostats

4; ---The lighting area of the [ side heliostat, i ---Optical efficiency of the I side heliostat

Which involves the calculation of normal direct radiation irradiance DN .

DNI =G, {a+bexp(— € )} (19)
sino,

a=0.4237-0.00821(6 - H)*
b=0.5055+0.00595(6.5— H)* (20)
c=0.2711+0.01858(2.5- H)*

The formula involves the determination of two parameters, with the value of the solar constant G

being 1.366 KW / m* and the altitude of H . Based on the location information in the question, it can
be determined that the value is 3. Through this process, DN/ was calculated, and the reason for the
length is only to display the local DNI value at 9:00 am on the 21st of each month for 12 months of a

year, as shown in the table. A three-dimensional map of DIN changes in different months and a day
was drawn, as shown in Fig 8.

Z 09.

\

\ A/
0.8 s Ve
07 \/
400 T~

= a,
300 ~~ S 16
200 T~ B <;/2 14
100 >~ _—" 1o
D 0 8 ST

Figure 8: Schematic diagram of DNI changing over time

Bring in formula (20) and solve for the value of the output thermal power £ fieia OF the heliostat field.

For the average output thermal power £ per unit area of the mirror, there is:

E
E =1 Q1)

Z/L

Based on the above solving process, the calculated values of physical quantities related to daily
optical efficiency and thermal power are finally output by month, and the average is calculated by adding
each month to output the corresponding annual average index, and the results are obtained.
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4. Conclusions

According to the calculation results, the annual average optical efficiency of the heliostat field is 0.45,
which means that 45% of the heliostat can reflect solar energy onto the collector normally throughout
the year. The annual average cosine efficiency is 0.76, indicating that the heliostat can correctly focus
sunlight onto the center of the collector at different time points based on changes in the sun's position.
The annual average shadow occlusion efficiency is 0.91, which means that the proportion of heliostats
obstructed and unable to fully reflect sunlight during the year is only 9%. The annual average truncation
efficiency is 0.75, indicating that the proportion of heliostats unable to capture the solar cone due to shape
and installation height limitations is 25%. According to calculations, the annual average output thermal
power of the heliostat field is 27.57 megawatts (MW), indicating that the system can stably convert solar
energy into thermal energy. Finally, the average annual thermal power output per unit area of a mirror is
0.44 kilowatts per square meter (kW/m2), indicating that a heliostat mirror can generate 0.44 kilowatts
of thermal energy per square meter. In summary, the heliostat field performs well in terms of optical
efficiency and thermal energy conversion ability, providing a reliable technical foundation for the
construction of new energy power systems.
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