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Abstract

Tower solar thermal power generation technology is a new low-carbon and environmentally friendly clean energy technology.
In this paper, based on Monte Carlo algorithm model and particle swarm optimization PSO algorithm, the optimization model
of heliostatic mirror field is constructed, which is of great practical significance for effectively improving the collection and
conversion efficiency of solar energy and promoting the sustainable development of clean energy.

Firstof all, this paper first visualizes the coordinate data of each heliostat attached in the spatial coordinate system, and carries
out preliminary screening and cleaning of the data. Then combined with the known conditions in the topic and the formula in
the appendix to determine the shadow occlusion efficiency (nsb), cosine efficiency (ncos), atmospheric transmittance (nat),
collector truncation efficiency (ntrunc) and mirror reflectance (nref) and other 5 parameter values, these parameter values
into the helioscope optical efficiency calculation formula, to solve the average optical efficiency on the 21st of each month,
Then the average optical efficiency of 12 months are calculated, and the average annual optical efficiency of heliostatic field
is 0.4512. Similarly, the average annual output thermal power of the heliostat field is calculated as 27.5713MW by using the
calculation formula of the output thermal power of the heliostat field, and then divide the annual average thermal power by
the sum of the mirror areas of all heliostats in the whole field (there are 1745 heliostats, and the area of each mirror is 36m?).
Finally, the average annual output thermal power per unit mirror area is 0.4401kw/m?.

Second, this paper uses Monte Carlo direct model and PSO algorithm to build a mathematical model of optimization design
of heliostatic mirror field. The mirror height is not greater than the mirror width, the mirror side length is between m, the
installation height is between m, the mirror will not be in contact with the ground when rotating around the horizontal axis,
the distance between the base centers of the adjacent two mirrors must be at least 5m more than the width of the mirror,
the helioscope is not installed in the circular area of 100m around the endothermic tower, and the radius of the helioscope
field of the whole circle is 350m, the size parameters of each helioscope and The installation height is the same, the rated
annual average output thermal power of the heliostat field is not less than 60MW as the constraint condition, the position
coordinate of the absorption tower, the size of the heliostat, the installation height, the number of heliostat and the position of
the heliostat are taken as the design parameters, and the maximization of the annual average output thermal power per unit
mirror area is taken as the objective function. After entering the model, the optimal design parameters are solved as follows:
The position coordinate of the absorption tower is (0,-200), the size of the heliostat is 3.5mx3.5m, the installation height is
2m, the total number of surfaces of the heliostat is 8440, and the total area is 103390m?.

Finally, on the basis of step two, the helioscope installation area is divided into four ring areas. The helioscope in the same
area has the same size and installation height, while the helioscope in different rings has different size and installation height,
so as to effectively optimize the parameter values of truncation efficiency and shadow occlusion efficiency. The optimal design
parameters in each ring can be obtained by using the established optimization model.
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Introduction

Research Background

Chinese government and enterprises attach great
importance to tower solar thermal power generation
technology. Atpresent, Chinahas made certain breakthroughs
and achievements in tower power station technology, which
is expected to play an important role in the future energy
field. Tower solar thermal power station is a new type of
clean energy technology using solar energy to generate
electricity. It generates electricity by collecting solar energy
and converting it into heat, which is then converted into
electricity. Heliostat is a key device used in tower power
stations to collect and track solar rays [1-6].

In the tower solar thermal power station, by combining
a large number of heliostats according to a certain spatial
position to form the heliostats field, the sunlight can be
focused on a point, so that the sunlight can be concentrated
on the heat absorber in the center of the heliostats field. The
heat absorber is usually composed of a thermal medium
(such as water or molten salt), when the sun shines on the
heat absorber, the thermal medium will absorb the solar
energy and convert it into heat energy, and then convert from
heat energy to electric energy through heat exchange.

Research Restatement

Now it is planned to build a circular heliostatic field
in a circular area with a radius of 350m and an altitude of
3000m. The center is located at 39.40 north latitude and
98.50 east longitude. Taking the center of the circular region
as the origin, the space rectangular coordinate system of the
mirror field is established with the X-axis forward in the due
east direction, Y-axis forward in the due north direction, and
Z-axis forward in the upward direction perpendicular to the
ground.

e Research Objective 1: The absorption tower is located
in the center of the mirror field, the side length of the
heliostat is 6mx6m, and the installation height is 4m.
Please calculate the annual average optical efficiency
of the mirror field, the annual average thermal output
power and the annual average thermal output power per
unit mirror area according to the position of the heliostat
center given in the attachment, and show the results in
the table given.
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e Research Objective 2: The rated annual average output
thermal power (rated power) of the heliostat field is
60MW.

Assuming that the side length size and installation
height of all heliostats are the same, please design a scheme
combining the position coordinates of the absorption tower,
the side length size of the heliostat, the installation height,
the number of heliostats, the position coordinates of the
heliostat and other parameters, so that the entire mirror
field can achieve the rated power [7,8].

The average annual output thermal power per unit
mirror area can be maximized, and the specific results of the
above parameters are shown in the table given.

e Research Objective 2: On the basis of step two, if the
side length and installation height of each heliostat can
be different, please redesign each parameter so that the
average annual output thermal power per unit mirror
area can be maximized under the premise that the entire
mirror field reaches the rated power, and the specific
results of the above parameters are shown in the table.

Research Analysis

Analysis of Research Objective 1

This Research requires solving the three data of the
average annual optical efficiency, average annual thermal
output power and average annual thermal output power
per unit mirror area of the heliostat field. According to the
reference formula given in the appendix, it is necessary to
determine the value of the shadow blocking efficiency (7,,),
cosine efficiency (n_.), atmospheric transmittance (7,),
collector truncation efficiency (n, ) and mirror reflectivity
(n.) of these five parameters as well as the number and
total area of the mirror, and then bring it into the formula
for solving.

Analysis of Research Objective 2

This research belongs to an optimization research.
The rated annual average output thermal power of the
heliostat field is not less than 60MW as the constraint
condition, the position coordinates of the absorber tower,
the size of the heliostat, the installation height, the number
of heliostat and the position of the heliostat are taken as
the design parameters, and the maximum annual average
output thermal power per unit mirror area is taken as the
objective function. Monte Carlo and PSO algorithm are used
to construct a mathematical model for the optimal design of
heliostatic field, and the optimal design parameters can be
solved by bringing the constraints and objective functions
into the model.
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Analysis of Research Objective 3

On the basis of step two, this Research does not specify
that the size and installation height of all heliostats are the
same, and other constraints, objective functions and design
parameters remain unchanged. In this Research, the area for
installing heliostats is divided into four ring areas. The size
and installation height of heliostats in the same area are the
same, while the size and installation height of heliostats in
different rings are different. Bringing it into the optimization
model established in the second Research can solve the
optimal parameter design in each ring.

Model Hypothesis and Symbol Description

Assumptions of the Model and Reasons for
Assumptions

In the mathematical modeling of optimization design of
heliostat field, in order to simplify the reseach and calculation
process and facilitate the establishment and solution of the
model, the following assumptions are made for the model:

1. When calculating the optical efficiency, it is assumed
that the reflectivity of the heliostat is constant and is not
affected by the incidence Angle of the sun.

Note: This hypothesis is to simplify the complexity of

the model. In the actual process, the position of the sun

will change with the change of time, which will cause the

incidence Angle of the sun’s light on the mirror to change,

which may lead to the change of the reflectivity of the mirror.

2. When calculating the optical efficiency, the influence
of external factors such as mirror pollution and mirror
shape change caused by high temperature on the optical
performance of the heliostat is not considered.

Note: According to the information given in the title, the

heliostat has the need for regular maintenance and cleaning,

that is, in the actual process, the heliostat may have the
research of mirror pollution and mirror shape change, which
will affect the optical performance of the heliostat.

3. A simplified method is adopted in the calculation. The
calculation time of all “annual average” indicators is
taken as a specific time on the 21st day of each month in
local time: 9:00, 10:30, 12:00, 13:30, 15:00, and the solar
light intensity during this time period is relatively stable.

Note: This assumption is to facilitate the calculation of the

model and the comparison of results, and stipulates that

the calculation time of all “annual average” indicators are a

specific time on the 21st day of each month. This assumption

can make the final calculation results comparable and
consistent.

Symbol Description

In the mathematical modeling for the optimization
design of heliostat field, in order to facilitate the code writing,
the general symbols of the full text are described as follows
Table 1:

Symbol Meaning Description Unit

a Solar altitude Angle
Y, Solar azimuth
) Local latitude degree (°)
W Solar hour Angle degree (°)
§ Solar declination Angle degree (°)
ST Local time
a The horizontal co-ordinate of the tower
b The vertical coordinates of the tower Hour and minute
xi The horizontal coordinate of the I-th mirror
yi The vertical coordinates of the I-th mirror
D The number of days until the vernal equinox

DNI Normal direct radiation irradiance kW/m?
G, Solar constant kW/m?
h Mirror height m
d Mirror width m
1 Mirror mounting height m

Bin Zhao and Xia Jiang. A Monte Carlo Enhanced PSO Algorithm for Optimization Design of
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H Altitude KM
H, Height of absorber m
E.u Thermal output power of heliostat field MW

E. . Average annual thermal output per mirror area day lighting area of the I-heliostat kW/m?
A, Optical efficiency of the [-mirror m?
n, Shading efficiency
n, Cosine efficiency

/. Atmospheric transmittance
7., Collector cutoff efficiency

Nerune Specular reflectance
.. Distance from the center of the mirror to the center of the collector
d. m

Table 1: Description of symbols.

The Establishment and Solution of the
Model

Establishment and Solution of Research 1 Model

Data Cleaning: In this paper, the coordinates of the heliostat
given in the attachment are visually displayed in the space
coordinate system in the form of particle points by using
MATLAB software, as shown in the following Figure 1:

-

Figure 1: Visualization of the spatial position distribution
of each heliostat in the mirror field.

J

As can be seen from Figure 1, the heliostats in the mirror
field basically show a ring shape and are evenly distributed
in the mirror field. Then, taking no heliostat installed
within 100m around the absorption tower as the constraint
condition, combined with the space coordinate system
established in the background of the topic, taking the tower
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as the central origin, the coordinates of each heliostat in the
attachment were calculated by using the Euclidean distance
formula to determine whether the distance between them
and the tower met the constraint conditions to clean the
data. Through calculation, it was concluded that the data in
the attachment met the constraint conditions.

Model Establishment

» Known Conditions

1. Geographical Location of the Mirror Field: The whole
mirror field is a circular heliostatic field with a radius of
350m. Its center is located at 39.40 north latitude and
98.50 east longitude, with an altitude of 3000m.

2. The Establishment of the Rectangular Coordinate
System of the Mirror Field Space: the center of the
mirror field is the origin, the due east direction is the
x axis forward, the due north direction is the y axis
forward, and the upward direction perpendicular to the
ground is the z axis forward. The physical diagram is as
follows Figures 2 & 3:

Figure 2: Physical diagram of heliostat field.

Copyright© Bin Zhao and Xia Jiang.
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Figure 3: Physical model of sunlight reflected by heliostat.

3. The Internal Planning of the Mirror Field: the
absorption tower is located in the center of the circular
mirror field, the absorption tower is 80 meters high, the
collector is 8m high and 7m diameter of the cylinder,
the side length of the heliograph is 6mx6m, and the
installation height is 4m.

» Constraints

1. The Height of the Mirror is not greater than the
Width of the Mirror.

Verification: The mirror height in this Research is equal to

the mirror width, which meets the constraint conditions

2. The Mirror Side Length is between [2,8]m.

Verification: The side length of the heliostats in this Research

is 6mx6m, between [2,8]m, which meets the constraint

conditions.

3. The Installation Height is between [2,6]m.

Verification: The installation height of the heliostats in this

research is 4m, between [2,6]m, which meets the constraint

conditions.

4. There will be no contact between the Mirror and the
Ground when rotating around the Horizontal Axis.

Verification: The mirror height of the heliostatic mirror

in this Research is 6m, and the installation height is 4m.

When the mirror is rotated around the horizontal axis to

be completely perpendicular to the ground, there is still

1m distance between it and the ground, which meets the
constraint conditions.

5. The distance between the centers of the base of the
two Adjacent Mirrors must be at least 5m more than
the Width of the Mirror.

Verification: According to the data coordinates given in the

attachment, the distance between the base centers of the

adjacent two mirrors can be calculated by using Euclidean
formula to meet the constraint conditions.

» Solution objective
1. Annual mean optical efficiency of heliostat field.
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2. Annual average output thermal power of heliostat field.
3. Annual average output thermal power per unit mirror
area.
Solution of Annual Average Optical Efficiency
The optical efficiency of a heliostat is the proportion
of energy that a given heliostat uses to focus sunlight on
the focal point. The optical efficiency of a heliostat can be
calculated by the following formula:

rl = nsb chos Xnat ><‘rltumc ><‘rlref (1)

In the above formula, 1 represents the optical efficiency
of the helioscope, 7, is the shadow occlusion efficiency, n_
is the cosine efficiency, 7, is the atmospheric transmittance,
7, iS the collector truncation efficiency, . is the mirror
reflectance. Calculate the values of 5 parameters into the
formula to solve the optical efficiency of the heliostat, the
specific solution steps are as follows:

(1)The shadow occlusion efficiency 1, is the degree to which
the specified hagioscope surface is obscured by shadows,
and its formula is as follows:

N, =1 - Shadow occlusion loss  (2)

This formula represents the proportion of energy not
obscured by shadows. It can be inferred from the formula
that the smaller the shadow occlusion loss, the higher the
shadow occlusion efficiency, and the higher the optical
efficiency of the heliostat.

The shadow occlusion loss in this paper includes three
parts [1] (Figure 4): the obstruction of the front arranged
heliostat to the rear arranged heliostat receiving sunlight, the
obstruction of the front arranged heliostat to the reflection of
sunlight by the rear arranged heliostat (Figure 5), and the
obstruction of the tower’s projection to the heliostat (Figure
6).

Figure 4: Composition of shadow occlusion loss.
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Figure 5: Blocking between mirrors.

Figure 6: Obstruction of tower body projection.

Part 1: Shadow Occlusion Loss Caused by Tower Body
Projection

Calculation of the overall height of the tower body:
The title specifies that the height above the ground of the
collector center is called the height of the absorption tower.
In Research 1, the height of the tower is 80m, and the height
of the collector is 8m. Therefore, the overall height of the
tower is the height of the tower plus the upper half of the
collector. Therefore, the overall height is 84m. Assuming that
the projection length of the entire tower is L, the calculation
formula is as follows:

A
tano, (3)

projection

The title stipulates that there is no heliostat within a
circular area of 100m around the absorption tower, so the
shadow occlusion loss caused by the projection of the tower
body is only calculated when the length of the L projection
exceeds 100m. Due to the fact that the collector is a cylindrical
shape, the shadow area formed by the projection of the tower
can be approximated as a parallelogram. The truly effective
shadow area S is the total shadow area minus the area of the
shadow area with a projection length of less than 100m. It
is advisable to assume that the floor area of all heliostats
in the entire mirror fieldis S, and the shadow blocking
efficiency caused by the projection of the tower is 7, then:
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S

2
M Smirror (4)

S=(L -100 ) xcos ( m-y,)x D

projection ] (5)

In formula (5), itis the solar azimuth angle, Dj is the diameter
of the collector, and Dj=7.

Part 2: Shadow Occlusion Loss Caused by the Front and
Rear Mirrors

Firstly, divide the mirror in the back row into n points and
calculate whether each point can successfully receive and
reflect sunlight, in order to calculate the shadow occlusion
loss n, for that part. Set the number of occluded points ton..

n, =1-2
2 n (6)
The solving steps are as follows

Step1: Establishing a Mirror Coordinate System.

Figure 7: Mirror coordinate system

Step2: Coordinate transformation

Firstly, convert the mirror coordinates of each point
in the rear mirror into ground coordinates. Assuming that
the unit matrix of the conversion relationship between the
mirror coordinate system and the ground coordinate system
is as follows

[
T=\m, m, m, )
n, n, n,

Assuming that the vector of a beam of light in the mirror
coordinate system is represented as, and the vector in the
ground coordinate system is represented as , then there is
the following relationship:

I I, L
V,=|m, m, m_|xVy )
n, n, n
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Assuming that there is a point on the helioscope with
coordinates H, (x,,y,, 0), first convertit to ground coordinates
H, (xz, Yy Zz].

L. 1, L
H,=\m, m, m_ |xH+0O, )
n.on, n

0, is the coordinate value of the origin of the rearranging
heliostat mirror coordinate system in the ground coordinate
system, expressed as (X, ¥, Z,)-

Convert H,(x,, y,, z,) to the coordinates H,(x,, y,, z,) in the
front mirror coordinate system.

I, 1, L
H,=|m, m, m_ |xH+O, (10)
n, o n, n,

0, is the coordinate value of the origin of the pre-
arranged heliostat mirror coordinate system in the ground
coordinate system, represented by (x,, y, z,). The vector
of light rays in the ground coordinate system is converted
to the pre-arranged heliostat mirror coordinate system,

represented by :

I, I, L
Veg=|m, m, m_|TxV, an
n, n, n

Step3: Finally, based on point H, and the principle of two
points and one line, calculate the intersection point between
the light and the pre-arranged helioscope, and determine
whether the intersection point is within the pre-arranged
hagioscope.

Finally, add up the values of the three parts of shadow
occlusion loss and take the average value as the final result
of shadow occlusion efficiency .

(2)The cosine efficiency n__is the effect of the angle between
the specified heliostat mirror surface and sunlight on optical
efficiency, and its calculation formula is as follows:

N = 1-Cosineloss (12)

This formula represents the proportion of energy not
lost due to the included angle; According to the formula,
the smaller the included angle, the smaller the cosine loss,
and the higher the optical efficiency of the heliostat. Cosine
loss refers to the decrease in received energy caused by the
direction of sunlight incidence not parallel to the normal
direction of the mirror aperture. Angle included in Figures 8
& 9 0. The cosine value of is the cosine efficiency of the point.

-

Figure 8: Physical diagram of cosine efficiency.

Figure 9: Flowchart of solving cosine efficiency.
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Accordingto the definition of cosineloss, when aheliostat,
collector, and the sun form a “three point line”, the cosine
efficiency of the heliostat will reach its theoretical maximum.
The optimal method is to assume that the intersection point
of the incoming rays of the sun and the mirror is the center
of the mirror, and the intersection point of the reflected rays
and collector is the center of the collector. The vector of the
reflected rays can be calculated from the spatial coordinates of
these two center points; Similarly, the vector of the extension
line of incoming and outgoing rays can be calculated by the
position of the sun and the coordinates of the center of the
mirror, and then the two vectors can be used to calculate
twice the value in Figure 8 a The cosine value of; And then
calculate it through the inverse trigonometric function o and
then calculate the angle of 6 Angle. The position of the sun
[2] can be determined by the solar altitude Angle «_and the
azimuth Angle y , where the cosine value of the solar azimuth
Angle y_is calculated as follows:

cos y, = (sin & - sin a, Xsin @) /cos o, X oS ¢ (43

In the formula, § is the solar declination angle and ¢ is the
local latitude.
The vector of the extension line of the incident light can be
expressed as:

(cosy, x cosa,, siny, xsina,) (14)

(3) Atmospheric transmittance n,, refers to the energy loss
caused by sunlight passing through the atmosphere, and its
calculation formula is as follows:

N, = 0.99321 - 0001176d;, +1.97 x10° x d*; (d,z <1000)

(15)

Inthe formula, d  represents the distance from the center
of the mirror surface to the center of the collector; According
to the formula, the higher the atmospheric transmittance,
the higher the optical efficiency of the heliostat; According
to the spatial Cartesian coordinate system established in this
Research, the spatial coordinates of the collector center are
(0,0,80), and the spatial coordinates of the mirror center
are (x, y, 4). The coordinates of x and y are shown in the
attachment. The three-dimensional Euclidean distance
formula can be used to solve d, ., and then the value of d , can
be brought into the above calculation formula to calculate
the atmospheric transmittance .

4) The truncation efficiency of the collector 7, is the
ratio between the total reflected energy of the designated
heliostat mirror and the received energy of the collector, and
its calculation formula is as follows:

(16)
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Due to the fact that the sunlight is a conical beam of light
with a certain conical angle !l(as shown in the figure below),
the above formula can be transformed into the following
formula:

nmmc =1- mreceptiou / mreﬂection (17)
In the formula, m_, . is the total number of solar rays that
are evenly divided by the angular mean method, and M, ion
is the total number of solar rays successfully received by the
collector.
The solution steps are as follows:
Step1: Establish a light cone angle coordinate system and
use vectors to represent each beam of light.
Step2: Convert the mirror coordinates of a point on the
mirror surface to ground coordinates.
Step3: Find the vector representation of each beam of light
in the ground coordinate system.
Step4: Find the vector of reflected light for each beam of
sunlight in the ground coordinate system.
Step5: Determine whether each beam oflight has successfully
landed on the collector based on the surface equation of the
collector and whether there is a intersection between the
reflected rays Figures 10 & 11.

Figure 10: Sun rays.

Figure 11: Optical cone coordinate system.

Mirror reflectance-ref specifies the reflection ability of
the sun mirror to sunlight. The value of __ is closely related
to the material used in heliostat. After consulting relevant
literature, the value of n_; in this paper is a constant of 0.92.

Combined with the above steps, the values of shadow
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occlusion efficiency (1), cosine efficiency (1), atmospheric
transmittance (1, ), collector truncation efficiency (1, ) and
known mirror reflectance (7, ) can be calculated after the
formula (1), the optical efficiency 71 of the heliostatic mirror
can be calculated, and the calculation results are shown in
Tables 5 & 6.

Solution of Annual Average Thermal Output Power
The calculation formula for the output thermal power E_, of
the heliostat field is:

E,.,= DNI x ZNAini (18)

DNI is the irradiance of normal direct radiation; N is the
total number of heliostats. It can be seen from the attachment
that N=1745 in this paper; 4, is the lighting area of the i
heliostat, A, =36 in this Reseach; 7, is the optical efficiency of
the I-th mirror.

Normal direct radiation irradiance DNI refers to the
solar radiation energy received per unit area and per unit
time on a plane perpendicular to the sun’s rays on Earth. The
approximate calculation formula is as follows:

DNI=G, [a +bexp (- ¢/sin a, )](19)

Where G,is the solar constant, representing the intensity
of solar radiation energy in the Earth’s outer atmosphere. In
this article, a constant value of 1.366 kW/m?2 is taken, where
sina_is the sine value of the solar altitude angle «_, and the
coefficients a, b, and c are calculated as follows:

a=04237-0.00821 (6 - H)2 (20)

b=0.5055+0.00595 (6.5 - H)’ (21)

c=0.2711+0.01858 (2.5-H) (22)

In the formula, H represents the altitude, in kilometers.
Based on the background of the research, the value of H in
this article can be taken as 3, which can be calculated by
taking it into account: a=0.3498, b=0.5784, ¢=0.2757.

The solar altitude angle a, represents the angle between
the sunlight and the ground plane, and its sine value is
calculated as follows

SIn &g = COS O X COSP X COSW + 51N O X SINQ (23)

In the formula, ¢ is the local latitude, in this article, ¢
=39.4°, w is the solar time angle, and § is the solar declination
angle.

The formula for calculating the solar time angle w is as
follows:
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0= w/12x(ST-12) (24)

In the formula, ST is the local time. In this article, we take
9:00, 10:30, 12:00, 13:30, and 15:00 on the 21st day of each
month to calculate the value of the solar time angle, as shown
in the Table 2 below.

ST 9:00 10:30 12:00 13:30 15:00
10} -0.7854 | -0.3927 0 0.7854

0.3927

Table 2: Values of solar hour Angle.

The calculation formula for the solar declination angle § is
as follows:

Sin § = sin (2nD/365 ) sin (21/360 x 23.45) (25)

In the formula, D is the number of days starting from
the Oth day based on the vernal equinox. According to this
definition, the D value of the 21st day of each month can be
calculated, as shown in the Table 3 below.

TIME | 1.21 2.21 3.21 4.21 5.21 6.21
D 306 337 0 31 61 92

Continued table:

TIME | 7.21 8.21 9.21 | 10.21 | 11.21 | 12.21
D 122 153 184 214 245 275
Table 3: D values of 21 days of each month.

After incorporating the D value of the 21st day of each
month into the formula for calculating the solar declination
angle, the solar declination angle § of the 21st day of each
month can be calculated. § in the following Table 4 is
expressed in radians:

TIME | 1.21 2.21 3.21 4.21 5.21 6.21

S -0.345 |-0.1855 0 0.2038|0.3525 | 0.4092
Continued table:

TIME | 7.21 8.21 9.21 | 10.21 | 11.21 | 12.21
5 0.3506 | 0.1947 |-0.0103|-0.2068(-0.3578(-0.4092

Table 4: The declination Angle of the sun on 21 of each
month.

By combining the data from Tables 3 and Table 4 and
using the calculation formula for calculating the output
thermal power of the heliostat E , the thermal output
power of each month at five specific times on the 21st can
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be calculated. Then, the average of the five thermal output
powers of each month can be calculated to obtain the monthly
average thermal output power. Then, the average of the 12
monthly average thermal output powers can be summed
up to obtain the annual average thermal output power. The
specific results are shown in Tables 5 and Table 6.

Solving the Annual Average Output Thermal Power Per
Unit Mirror Area
By dividing the average monthly thermal output power of

the heliostat in 4.1.4 by the mirror area of the total heliostat,
the average monthly thermal output power per unit mirror
area can be obtained. After calculating the average monthly
thermal output power per unit mirror area for 12 months,
the average annual thermal output power per unit mirror
area can be obtained.

In this small Research, the total number of mirrors is
1475, the area of each mirror is 36m?, multiply the two, and
you can solve the total heliostat mirror area Figure 12.

Summary of Research 1 Solution Results

Average . Average Shadow Average Average output thermal
. Average cosine . . .
Date Optical efficienc Occlusion truncation power per unit area
efficiency y Efficiency efficiency mirror (kw/m?)
January 21st 0.4428 0.7617 0.898 0.7464 0.4341
February 21st 0.446 0.7761 0.9175 0.7579 0.4333
March 21st 0.4508 0.7563 0.8929 0.7589 0.4399
April 21st 0.4582 0.7349 0.9019 0.7576 0.4481
May 21st 0.4584 0.7603 0.8935 0.7563 0.4372
June 21st 0.4438 0.7605 0.8953 0.7554 0.4451
July 21st 0.4585 0.7554 0.9218 0.7547 0.4351
August 21st 0.4582 0.7511 0.9171 0.7544 0.4444
September 21st 0.4497 0.7667 0.9033 0.7433 0.4357
October 21st 0.4554 0.7756 0.9264 0.7484 0.4401
November 21st 0.4436 0.7705 0.893 0.7497 0.4435
December 21st 0.4486 0.7627 0.9078 0.7406 0.4469
Table 5: Average optical efficiency and output power on 21 days per month in Research 1.
. Average Average Shadow Average Annual average Annual average output of
Optical . . g . .
T cosine OC(-:ll-lSlon Tru.nfatlon thermal power | mirror surface per unit area
efficiency efficiency efficiency output (MW) Thermal power(kw/m2)
0.4512 0.7564 0.9057 0.7519 27.5713 0.4401

Figure 12: Visualize data in Table 5.
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Table 6: Annual average optical efficiency and output power table.

After performing data visualization operations on the
datain Table 5, it was found that the average shadow occlusion
efficiency was the highest during the summer solstice period.
The possible reason is that during the summer solstice, the
sun is located near the Tropic of Cancer, and the geographical
location of the mirror field is 39.4 degrees north latitude. At
this time, the projection length generated by direct sunlight
on the tower is the smallest, so the average shadow occlusion
efficiency is the highest.

Establishment and Solution of Research 2 Model

Model Proposal

The optimization design of the heliostat field in tower
solar thermal power generation systems can effectively
improve the efficiency of solar energy collection and
conversion. We use a direct model based on Monte Carlo
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algorithm and combined with particle swarm optimization

PSO algorithm to solve the optimization design research of

the average output thermal power per unit mirror area of a

heliostat.

e Monte Carlo Algorithm: Monte Carlo algorithm is
a numerical calculation method based on random
sampling. It constructs a probability model with similar
performance to the model to be solved, conducts random
sampling and statistical experiments on this probability
model, and obtains specific numerical features through
the sampling results. In this algorithm, the value of
the objective function is estimated through randomly
generated sample points.

e Particle Swarm Optimization (PSO) Algorithm: PSO
algorithm is a heuristic optimization algorithm that
simulates the behavior of groups such as bird or fish
schools. In the PSO algorithm, each particle represents
a potential solution to the research, corresponding to a
fitness value determined by the fitness function. Each
individual (particle) updates their position and velocity
bylearning their own and group experiences. The velocity
of the particle determines the direction and distance of
the particle’s movement, and the velocity dynamically
adjusts with the movement experience of themselves
and other particles, thus achieving the individual’s
search for the optimal solution in the solvable space.

Selection of Coordinate System

The arrangement method of the heliostat field in this
study is to increase the annual average output thermal
power per unit mirror area through staggered arrangement
of heliostats [3]. Since the position of the absorption tower
does not affect the layout of the heliostat, the coordinates
of the absorption tower are taken as the origin of the fixed
value to establish a spatial Cartesian coordinate system, as
shown in the following Figure 13.

Figure 13: Schematic diagram of establishing a spatial
coordinate system.

J
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Calculation of Instantaneous Heliostat Field Efficiency

The optical efficiency of the instantaneous heliostat field
is calculated by the average efficiency N , and the formula for
solar radiation is as follows:

N"
n=.1(26)
i=1
Sampling light over a period of one year and passing the
average efficiency N, solar light is a symbol of time, and the
optical efficiency of the annual heliostat field is:

Nr
ny=y.n(t) (27
i=1

Using models to simulate typical annual cycles to track
the position of the sun. The heliostat reorients the geometric
shape of the SPT based on the position of the sun in the sky.

Establishment of an Optimization Model for Heliostats
This Research aims to maximize the annual average

output thermal power per unit mirror area of the heliostat

field under the condition of reaching the rated power. Based

on the first Research, with the annual average output thermal

power per unit mirror area as the target, the following model

is constructed using formulas (1), (5), (9), and (16):
Constraint Condition

p, SDNIxA xn, Vi
100 < \/(x, —a)’ + (3, —b)’

N
Zpi ZE—W
i=1

2<h<d<8
s.t 2<L<L6
D, <d+5

nxs<A4

%xhxsinyﬁL

0<a,b<350

Objective Function

212‘ E. 212_ E.
Max{E ave}= max S AT L g d S D ed
) 12 NxSx12
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Solution of the Optimization Model for Heliostats
1. Probability Density Function and Monte Carlo Weight
with Time Variation

The system is initialized to the cosine loss, solar angle,
and other auxiliary function results solved by the first
research, and the optimal solution is found through random
search and analysis. The Monte Carlo algorithm is used to
simulate the optical efficiency of a heliostat, estimating the
average output thermal power per unit area through random
sampling, and the PSO algorithm is used to optimize the
design parameters of the heliostat to maximize the average
output thermal power per unit area (Figure 14).

Figure 14: Physical schematic diagram of using Monte
Carlo algorithm to track solar rays

Firstly, a DNI is calculated based on p (t) and retained for
1 hour during its lifecycle. Then, a uniform sampling Q and
surface number S of r1 on the entire reflecting surface of the
heliostat field are found, and a direction ws is determined to
uniformly sample ns within the solar cone. R0 is defined as the
first intersection point with the solid surface of the radiation
line, starting from r1 in the direction. After calculation, it is
found that r2 has an overflow effect, Therefore, the Monte
Carlo weight can be calculated

_ PhX (D17, (1)

" pr(t)
Further obtain the Monte Carlo weight and probability
density formula over time:

and @, =@, X DNI(t)xs,,

(28)
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The use of integral formulas provides a practical
implementation of the Monte Carlo algorithm for radiative
heat transfer models, with digital code processing defining
several parameters of the SPT geometry, including the size,
height, number, and position of the heliostat. The objective
function of the optimization process is represented by the
annual average output thermal power per unit mirror area.
In both cases, the selected objective function E_ave. The
influence of several parameters defining the heliostat field
and SPT tower on AVE. A well-known geometric pattern
was chosen to design the heliostat field: a radial staggered
layout. Then, this Monte Carlo based direct model is coupled
with a Particle Swarm Optimization (PSO) to achieve SPT
optimization design.

Random Optimization Using PSO

PSO is an effective optimization method when dealing
with optimization based on non-smooth simulation. In
addition, as a zero order optimization method, the particle
swarm optimization algorithm does not require a derivative
regarding free parameters. In addition, PSO is a random
method that allows us to find the global optimal value among
all local optima.

»> Step 1: Initialize the Position and Velocity of the
Particle Swarm

1. Randomly generate a set of initial positions and velocities
of particles, each representing the design parameters of
a heliostat.

2. Set the fitness function of each particle as the average
output thermal power per unit area.

» Step 2: For each particle, use Monte Carlo Algorithm
to Simulate the Optical Efficiency of the Heliostat
and Calculate the Average Output Thermal Power
Per Unit Area

1. Atthe position of each particle, Monte Carlo algorithm is
used for optical efficiency simulation.

2. Estimate the average output thermal power per unit
area through random sampling.

> Step 3: Update the Speed and Position of Particles

1. Update the velocity and position of each particle based
on individual and group experience.

2. By adjusting the speed and position, particles are moved
towards a direction with higher fitness.

> Step 4: Repeat Steps 2 and 3 Until the Stop Condition
is Reached

Repeat steps 2 and 3 until the stop condition is met. The

stopping condition can be reaching the maximum number of

iterations or meeting the convergence condition.

» Step 5: Output Optimal Solution

1. After the stop condition is met, select the particle with
the maximum average output thermal power per unit
area as the optimal solution.
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2. Output the optimal solution, which is the design
parameter of the heliostat with the maximum average
output thermal power per unit area (Figure 15).

Figure 15: The result graph obtained by solving the

convergence condition after 12 iterations

The two numbers r, and r, are uniformly sampled
random numbers [0,1] and are used to influence the
randomness of the algorithm. The weight inertia w is used
to control the convergence behavior of PSO. The coefficients
¢, and c, control how far the particle moves in the search
space in a single iteration. c, directs the individual behavior
of the particle, while c, directs its social behavior. In addition,
a speed clamping v__ definer with maximum speed gain is
set [v__|=kx(x__-x . )/2 When k is used, the user-supplied

max ~ min

speed clamping factor is fixed at 0.1.

v, = wxv e x(pi-x e, xr, X (gx.5) (29)

1

k1 k k
X, =Xty

+1

(30)

Each heliostat generated by PSO (i.e., each generated
SPT system geometry described by a set of parameters) is
evaluated using a direct model. The simulation results are
used to determine particle performance as they are input
values for the objective function.

Radial Grid Method for Optimizing Heliostat Models

The heliostat is an important device for the energy
source of the entire system, and its comprehensive efficiency
determines the total amount of energy sources in the entire
system. Therefore, the layout of the heliostat in the mirror
field is particularly important. This article uses the radial
grid method to design the heliostat field.

The core idea of the radial grid method is to draw
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circles of different sizes with the center of the bottom
surface of the absorption tower as the center, so that the
centers of the heliostats are distributed on these circles.
The positions of the centers of the heliostats on adjacent
circles are staggered from each other, not on the same
straight line, but form a staggered pattern, as shown in the
following figure, where is the radial spacing of AR, and AZ
is the distance between the centers of adjacent heliostats
on the same circle (Figure 16).

Figure 16: Schematic diagram of the physical model for
the misaligned arrangement of heliostats

Due to the need to reserve a certain safety distance
between two heliostats, the number of heliostats on the
latter ring is the same as that on the previous ring, so the
heliostats on each ring in the same layout area have the same
circumferential angle. The heliostats on the front and rear
rings are arranged in a staggered manner. To quantitatively
represent the position relationship between the heliostats
and the heat absorption tower, a calculation formula is
introduced:

AR = (1.1442cotf), - 1.0935 +3.06480, - 1.1260, %) x h
(31)

AR = (1.1442cotf, - 1.0935 +3.06480, - 1.1260, %) x h

(32)
6, =arctan(1/r) (33)

In the above formula, h is the height of the mirror surface,
d is the width of the mirror surface, is the height angle of
the collector relative to the heliostat, and r is the distance
between the heliostat and the absorption tower in units of
distance from the center of the collector to the center point
of the heliostat (Figure 17).

Copyright© Bin Zhao and Xia Jiang.



Open Access Journal of Data Science & Artificial Intelligence

Figure 17: Initial arrangement of heliostats.

Summary of Solution Results for Research 2 (Tables 7-9)

Average . Average Shadow Average Average output thermal
Date Optical Avera_g(_e cosine Occlusion truncation power per unit area
efficiency efficiency Efficiency efficiency mirror (kw/m?)
January 21+ 0.6283 0.8415 0.8282 0.9972 0.611
February 215 0.6182 0.8539 0.8119 0.9904 0.5927
March 21+ 0.6081 0.8401 0.8113 0.999 0.6089
April 21+ 0.6083 0.8449 0.827 0.9846 0.602
May 21* 0.611 0.8612 0.8352 0.9977 0.613
June 21+ 0.6254 0.8528 0.8403 0.9884 0.5909
July 21 0.6109 0.8517 0.8138 0.984 0.5997
August 21+ 0.6248 0.8642 0.8283 0.9877 0.5916
September 215 0.6107 0.8427 0.8249 0.9899 0.6122
October 21¢ 0.6276 8587 0.8099 0.9959 0.5892
November 21 0.6133 0.8586 0.8206 0.9813 0.6077
December 21* 0.6095 0.8459 0.8148 0.9871 0.6087
Table7: Research 2: Average optical efficiency and output power on the 21st day.
Average Average Average Shadow Average Annual average | Annual average output of
Optical cosine Occlusion Truncation thermal power | mirror surface per unit area
efficiency efficiency efficiency efficiency output (MW) Thermal power(kw/m?)

0.6163 0.8521 0.8222 0.9903 62.18 0.6023

Table 8: Annual average optical efficiency and output power table.

Absorption tower position
coordinates

Heliostat size (W
x H)

Heliostat mounting

height (m)

Total number of
heliostats

Total heliostat area
(m?)

(0,-200)

3.5x3.5

2

8440

103390

Table 9: Research 2 Design Parameter Table.

Bin Zhao and Xia Jiang. A Monte Carlo Enhanced PSO Algorithm for Optimization Design of
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Explanation for Selecting the Coordinates of the
Absorption Tower Position: In Research 1, it is solved
that when the sun is located between the equator and the
Tropic of Cancer, the shadow shading loss caused by the
projection of the absorption tower is relatively small due to
the mirror field being located at 39.4 ° N, and there is even
no loss between some months. However, when the sun is
located between the equator and the Tropic of Cancer, the
sun is located south of the tower, and the shadow shading
loss caused by the tower body projection is relatively large.
And it cannot be ignored. The title clearly stipulates that the
construction scope of the heliostat field is a circular area
with a radius of 350m, and no heliostats are installed within
arange of 100 meters around the tower body.

The coordinate position of the tower is set at (0, -200),
and the horizontal coordinate range of the heliostats that
can be used for construction is (-300, -350) and (-100,350),
which can effectively reduce the shadow blocking loss
caused by the tower body projection, The parameter values

for effectively optimizing shadow occlusion efficiency.

Establishment and Solution of Research 3 Model

This Research is based on Research 2, removing the
constraint that the size parameters and installation height
of each heliostat are the same, while keeping everything
else unchanged. To solve this research, the area where the
heliostat is installed can be divided into a circular area of 3
to 6.

The size and installation height of heliostats in the same
area are the same, while the size and installation height of
heliostats in different rings are different. By bringing it into
the established optimization model, the optimal design
parameters can be solved, the detailed data can be found in
the supporting materials of Research three. The following
table summarizes the data of the heliostat in the closest ring
to the heat absorption tower (Tables 10-14).

Average . Average Shadow Average Average output thermal
Date Optical Avera_g_e cosine Occlusion truncation power per unit area
efficiency EHEEE7 Efficiency efficiency mirror (kw/m?)
January 21st 0.1485 0.6199 0.8735 0.2584 0.1227
February 21st 0.1516 0.6404 0.8957 0.248 0.1399
March 21st 0.1549 0.6611 0.8998 0.2462 0.2538
April 21st 0.1585 0.6793 0.8999 0.2473 0.1646
May 21st 0.1611 0.6893 0.9 0.2488 0.1705
June 21st 0.1619 0.6923 0.9 0.2494 0.1724
July 21st 0.1511 0.6892 0.9 0.2488 0.1705
August 21st 0.1583 0.6786 0.8999 0.2472 0.1642
September 21st 0.1548 0.6601 0.8997 0.2462 0.1531
October 21st 0.1512 0.6378 0.8941 0.2487 0.138
November 21st 0.1483 0.6182 0.871 0.2597 0.1209
December 21st 0.1471 0.6111 0.8561 0.2672 0.1133
Table 10: Average optical efficiency and output power on 21 days of each month
Average Average Average Shadow Average Annual average | Annual average output of
Optical cosine Occlusion Truncation thermal power | mirror surface per unit area
efficiency efficiency efficiency efficiency output (MW) Thermal power(kw/m?)
0.1548 0.6564 0.8908 0.2513 9.878 0.1487
Table 11: Table of three-year average optical efficiency and output power.
Absorption tower position Heliostat size Heliostat mounting Total number of Total heliostat
coordinates (W x H) height (m) heliostats area (m?)
(0,-200) 4x4 3 1580 25280

Table 12: Design parameters.

Bin Zhao and Xia Jiang. A Monte Carlo Enhanced PSO Algorithm for Optimization Design of
Heliostat Field. ] Data Sci Artificial Int 2023, 1(1): 000105.
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Average . Average Shadow Average Annual average Annu_a 1 average output
. Average cosine . g of mirror surface per
Optical . Occlusion Truncation thermal power .
efficienc efficiency efficienc efficienc output (MW) CLACELC R S e
y y y P power (kw/m?)
0.6263 0.8154 0.8398 0.9973 62.256 0.6187

Table 13: Total annual average optical efficiency and output power table.

Absorption tower Heliostat size Heliostat mounting Total number of Total heliostat area
position coordinates (W x H) height (m) heliostats (m?)
(0,-200) 7140 100638.4354

Table 14: General design parameters.

Conclusion

As for research objective 1, the average annual optical
efficiency of heliostat field is 0.4512, the average output
thermal power is 27.5713MW, and the average annual output
thermal power per unit mirror area is 0.4401kw/m?2

As for research objective 2, the optimal design
parameters are obtained as follows: the position coordinate
of the absorption tower is (0,-200), the size of the heliostat
is 3.5mx3.5m, the installation height is 2m, the total number
of surfaces of the heliostat is 8440, and the total area is
103390m?.

Asforresearch objective 3, the optimal design parameters
are obtained as follows: The helioscope installation area is
divided into four ring areas. The size and installation height
of helioscopes in the same area are the same, while the size
and installation height of helioscopes in different rings are
different. The position coordinates of the absorption tower
are (0,-200), and the size of the helioscope ranges from
4mx4m to 3.5mx3.5m from near to far. The installation
height from near to far is 2.1m~6m, the total number of
heliostat is 7147, and the total area is 104690.89m? [4-9].

Model verification

Stability Test

This article tests the stability of the model by floating the
relevant parameter values up and down. When calculating
the optical efficiency, it involves five parameters: shadow
occlusion efficiency n_, cosine efficiency n_, atmospheric
transmittance 7n_, collector truncation efficiency n,_ , and
mirror reflectance n_. The data for each parameter from
January to December are fluctuated by 5% up and 10%
up and down, respectively and then use the plot function
of MATLAB software to draw a visualized line graph, and
analyze the stability of the model based on the line graph.
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Figure 18: Data visualization.

From Figure 18, it can be seen that by floating the values
of the relevant parameters up and down by 5% and up and
down by 10%, the final calculated results all revolve around a
single value, but the range of fluctuations is not large and has
good stability. Therefore, it can be inferred that the model
has good stability.

Sensitivity Test

In the sensitivity analysis of the model, we can
consider increasing the number of heliostats to construct
a larger circular field to meet higher output thermal
power requirements. Assuming we increase the number of
heliostats to over 1745, we can calculate the area of the new
heliostat field and the output thermal power.

According to the result of the first Research, when the
number of heliostats is 1745, the area of the heliostat field
1S:

S =m x 350 x350=3926500m?

Assuming we increase the number of heliostats to N, i.e.

N>1745, the area of the heliostat field can be expressed as
S =m x 350 x350 xN
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According to the requirements of the Research, when the
rated annual average output thermal power of the heliostat
field reaches 60MW, the following equation can be listed

60000 kW=Area x reflectivity x Sun incidence angle x Solar altitude angle x Atmospheric transparency

Among them, the solar incidence angle, solar altitude angle,
and atmospheric transparency are known constants. By
substituting the area into the equation, we can obtain:

60,000kw= 7z x350x350xNxreflectancex(sin(Angle of
incidence)) x(cos(Angle of incidence))*2 x(sin(Altitude
Angle)) X(cos(Altitude Angle)) “~2x(sin(Atmospheric
transparency))

By adjusting the number N of heliostats, different output
thermal power requirements can be met. For example, if you
want to output a thermal power of 80MW, you can set N to
around 1800. It should be noted that increasing the number
of heliostats will increase the complexity and computational
complexity of the system. Therefore, in practical applications,
it is necessary to comprehensively consider the actual
situation for reasonable design.

Evaluation of Models

Advantages of the Model

1. When solving Research 2, the Monte Carlo algorithm
and Particle Swarm Optimization (PSO) algorithm
are combined to optimize the optical efficiency of the
heliostat, while also fully considering the optimization
of heliostat design parameters.

2. The Monte Carlo algorithm can estimate the average
output thermal power per unit area through random
sampling, which can more accurately simulate the
optical efficiency of a heliostat.

3. The Particle Swarm Optimization (PSO) algorithm has
good global search ability and can search for the optimal
solution by learning the experiences of individuals
and populations. This algorithm can comprehensively
consider optical efficiency and thermal power output
when designing heliostats.

Disadvantages of the Model

1. When the Monte Carlo algorithm has high computational
complexity, it requires a large amount of random
sampling to estimate the value of the objective function,
which can lead to a longer computational time.

2. The Particle Swarm Optimization (PSO) algorithm is
sensitive to the selection of initial parameters, and
selecting differentinitial parameters maylead to different
optimal solutions. At the same time, the algorithm may
only be able to find local optimal solutions, but cannot
find global optimal solutions. Moreover, the algorithm
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relies heavily on the search space for the parameter
design of the heliostat, meaning that the size of the
search space may have an impact on the algorithm’s
performance.

Model Improvement

1. Because it is time-consuming to reorient the heliostat
on each date, this article chooses to reduce the number
of sampling dates. However, due to the requirements
for estimation accuracy, this article adopts a systematic
sampling method, which involves sampling several rays
per date.

2. This article uses computer graphics technology to
optimize photon tracking algorithms for optimization.
Optimize photon tracking algorithms through computer
graphics technology to reduce computational time
during heliostat reorientation. Each heliostat is enclosed
in an expanded cubic bounding box, which includes all
possible positions of the heliostat when tracking the sun.

3. This algorithm model can be combined with other
optimization algorithms, such as genetic algorithm
and differential evolution algorithm, to construct a
hybrid optimization algorithm. By combining different
optimization methods, the advantages of various
algorithms can be combined to improve global search
ability and convergence speed.

4. This algorithm can consider uncertainty and robustness.
In practical applications, there may be various uncertain
factors, such as fluctuations in material parameters,
changes in environmental conditions, etc. Therefore, we
can considerintroducing uncertain factorsinto the model
and solve the robust optimal solution through robust
optimization methods. By considering uncertainty and
robustness, the design scheme can have better stability
and reliability.

Promotion of the Model

In practical life, this model can be applied to the following
fields for promotion:

1. Design of Solar Power Generation Systems: This
model can be applied to optimize the design of solar
power generation systems. By optimizing the design
parameters of components such as solar panels,
inverters, and energy storage systems, the energy
conversion efficiency and output power of solar power
generation systems can be improved.

2. Optical Device Design: In addition to heliostats, this
model can be applied to optimize the design of other
optical devices, such as optical lenses, fibers, optical
sensors, etc. By optimizing the design parameters of
optical devices, their optical performance, transmission
efficiency, and sensitivity can be improved.
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3. Photovoltaic Power Plant Layout Optimization:
This model can be applied to the layout optimization
of photovoltaic power plants. By optimizing the layout
and orientation of photovoltaic panels, the total
power generation of photovoltaic power plants can
be maximized, and the economic benefits and energy
utilization efficiency of photovoltaic power plants can be
improved.

4. Optical Communication Network Design: This
model can be applied to optimize the design of optical
communication networks. By optimizing design
parameters such as fiber routing and placement of
optical amplifiers, the transmission rate, signal quality,
and coverage of optical communication networks can be
improved.

By applying this model to various fields in real life, design
solutions can be optimized to improve energy utilization
efficiency, transmission efficiency, and system performance,
thereby achieving the goals of sustainable development and
energy conservation and emission reduction.
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