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ABSTRACT

While several studies on various aspects of the solar furnace system have been
conducted, optimization of the simulation has not received much attention. The
purpose of this study is to find the optimal resolutions that produce reasonably
accurate results. Solar flux distribution maps were obtained using a simulation
software, in which the detailed methodology of ray-tracing algorithm is
presented. The optimal resolutions found that take into account value and
geometrical profile of flux distribution are k1 =46 x 103 and k2 = 15 x 1073. In
addition, the simulation results are verified and the feasibility of solar furnace

for application in solar pyrolysis of mixed plastic waste is demonstrated.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

A solar furnace is a system that produces high temperatures by concentrating
sunlight. It consists of a primary heliostat and a secondary concentrator. A
heliostat consists of an array of mirrors on a frame that tracks and focuses sun
rays via reflection, whereas a secondary concentrator can be either a parabolic
or spherical reflector to further focus the rays. At the focal point, temperatures
may reach as high as 3500 °C. The heat energy produced can be used in various
applications such as pyrolysis and solar thermal power.

With recent advancements in the processing power of computers, it is
now feasible to model and simulate complicated systems that do not have
analytical solutions. One such system is the solar furnace. Comprehensive
modelling of the mirrors and light rays paired with a ray-tracing technique is
required to obtain a realistic solar flux distribution map produced on the target.
In this report, a methodology for modelling the solar furnace is presented. Then,
techniques to optimize the simulation time and resolutions for obtaining
reasonably accurate results are suggested.

Simulation results can be verified through comparisons with
experimental results. The flux distribution map obtained from simulation can be
converted into temperature distribution map, which can then be compared with
an object melted by solar furnace. The criteria that are used to judge the accuracy
of the simulation result are the size and shape of the melting spot.

In a previous study, the best temperature for the pyrolysis of plastic
waste in terms of conversion and product quality was determined to be 500 °C
or 773 K. To show that the solar furnace is suitable for application in solar
pyrolysis, simulations for various operating conditions at Yinchuan, Ningxia,

China has been performed.

1.2 Problem Statement
As demonstrated by several published papers, the flux distribution of a solar

furnace which consists of a heliostat and a secondary concentrator can be



obtained via a digital simulation approach. However, it is time consuming.
Depending on the resolutions used and the processing power of the computer, it
can take up to a few days to complete for just one operating condition. If the
solar power tower which consists of multiple heliostats and multiple operating
conditions are considered, the time needed will add up quickly. While attempts
to optimize the system have previously been made, in this report, resolution is
redefined, and new optimal resolutions are found.

With the increasing global population, rapid urbanization, and lifestyle
changes, plastic waste production is rising at an alarming rate. This issue is
further aggravated by the brief lifespan of plastic. As of right now, around 300
million tonnes of plastic are produced globally each year. Most plastics, such as
polyethylene, polypropylene, polystyrene, poly(vinyl chloride) and
poly(ethylene terephthalate) are non-biodegradable. Different methods of
recycling plastic waste exist, however, in the majority of developing countries,
open or landfill disposal is a prevalent method of managing plastic waste. The
disposal of non-biodegradable plastic waste in landfills could provide a habitat
for pests such as insects and rodents that may carry diseases. Furthermore, the
available space for landfills is also diminishing (Miandad, et al., 2019).
Pyrolysis, which is the thermal decomposition of materials at high temperatures,

seems to be a promising alternative solution.

1.3 Aim and Objectives
The aim of this report is to understand various aspects of the solar furnace
system. To achieve the aim, the objectives must be defined. The objectives are:
1 To study the primary tracking of heliostat frame/ master mirror
and secondary tracking of slave mirrors.
(ii)  To understand the digital simulation approach to obtain flux
distribution of the solar image formed on the target plane.
(iii))  To find the optimal resolutions for reasonably accurate results.
(iv) To verify the simulation result through comparisons with
experimental result.
(v) To determine the feasibility of solar furnace for application in

solar pyrolysis.



CHAPTER 2

LITERATURE REVIEW

21 Introduction

Interest in the modern solar furnace began in the 1940s. Built in France in 1949,
the Mont-Louis solar furnace (Trombe, 1957) was believed to be the world’s
first solar furnace. It was an experimental solar furnace that led to the
construction of the Odeillo solar furnace (Trombe and Le Phat Vinh, 1973) in
1962. Other famous solar furnaces that were built in that period include the
Arizona State College solar furnace (Kevane, 1957) in the USA and the solar
furnace of Government Industrial Research Institute (Hisada, et al., 1957) in
Japan. More recently, a spinning-elevation tracking heliostat based on non-
imaging optics has been proposed (Chen, et al., 2001). Furthermore, with major
advancements in computing power, digital simulation techniques have been
employed to study the optical behavior of the solar furnace (Lim and Li, 2009).
In this chapter, the developments of solar furnace leading up to simulations and

their applications are recapped.

2.2 Literature Review

Chen, et al. (2001) proposed a new design to the conventional heliostat. In this
design, the mirrors are arranged in a plane in rows and columns. Tracking is
described in two parts: primary tracking of the heliostat frame/ master mirror
and secondary tracking of the slave mirrors. The movement of primary tracking
is described by two independent components, namely, rotation movement that
ensures the sun and target are in the same plane of reflection, and elevation
movement that ensures the normal of the heliostat frame/ master mirror bisects
the angle formed by sun and target (Figure 2.1). Secondary tracking focuses the
reflected rays on the target by rotating the slave mirrors through an angle. In this
mode, slave mirrors in the same row or column will have the same movement
(Figure 2.2). The benefit compared to the conventional azimuth-elevation
tracking heliostat is that the number of slave mirror controlling devices required
is significantly reduced. For example, if the conventional heliostat consists of

M rows and N columns of element mirrors, 2 x M x N controlling devices have



to be used as each mirror requires 2 degrees of freedom. With the new design,
the elevation axis is maintained perpendicular to the plane containing sun,
normal and target through rotation movement. Slave mirrors in the same row or
column can share the same controlling device, reducing the number required to

M + N.

b Normal
A‘_

Heliostat

(a) (b)
Figure 2.1: Rotation and Elevation Movement of New Heliostat Design (Chen,

etal., 2001).

Sunlight

Normal line

Displacement device

Figure 2.2: Side View of 5 x 5 Mirror Heliostat (Chen, et al., 2001).



According to Lim and Li (2009), a fixed target solar furnace usually
consists of a heliostat as the primary stage and a concentrator (e.g., parabolic
and spherical dish) as the secondary stage. As the analytical study of this system
is complicated, a digital simulation approach to study the flux distribution of
solar furnace was proposed. The approach was to use a ray-tracing method with
intensity calibration. In this method, the heliostat mirrors are subdivided into
smaller elements, which each are then associated with a position vector to
represent its spatial coordinates and unit vector to represent its normal. Matrices
are used to describe the transformations of these vectors during sun tracking.
After that, light rays are impinged onto each mirror element, and the rays are
traced using straight lines to the secondary concentrator and then to the target
plane. If solar disc effect is considered, the reflected rays from mirror elements
are dispersed uniformly into N sub-rays such that it forms a light cone which
subtends to solar disc half-angle of 4.65 mrad. The author notes that the effect
of the sun’s atmosphere which gives the disc a limb darkening is ignored by this
pillbox sunshape. The target plane is similarly subdivided into smaller pixels, in
which its flux intensity can be recorded by summing up the calibrated intensity
of the sub-rays that hit it. Figure 2.3 shows the intensity concentration profile of
a solar furnace with settings: target position 21 cm from vertex of secondary
concentrator, incident angle of 14.05 °, canting angle of 36 °, 5 x 5 m heliostat

with 11 x 11 spherical mirrors, spherical concentrator focal length of 23 cm.
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Figure 2.3: Intensity Concentration Profile of Solar Furnace (Lim and Li, 2009).

Lee, et al. (2014) evaluated the performance of a solar furnace at Korea
Institute of Energy Research (KIER) by measuring the flux with the flux
mapping method and by comparing with results using a ray-tracing method. A
diffuse target, heat flux gauge, a charge-coupled device (CCD) camera and a
computer are essential components of the flux mapping system (Figure 2.4). The
CCD camera captures the image formed on the diffuse target. By converting the
pixel gray level to a number, a two-dimensional matrix of the brightness can be
obtained. This matrix is proportional to the flux distribution because brightness
and flux are linearly proportional. It can then be calibrated using a reference
measurement with the heat flux gauge. After adjusting the parabolic
concentrator facets, the solar furnace was able to achieve 40 kW and 90% of it
was within 166 mm? aperture. The maximum solar concentration ratio was 5050
suns. By comparing the results from measurements and modelling, the slope

error was determined to be approximately 2.2 mrad.
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Figure 2.4: Schematic Diagram of Flux Mapping System (Lee, et al., 2014).

Solar furnaces are infrequently used today for material processing. Not
only are such facilities costly to operate and maintain, but it is also challenging
to regulate temperature in such a way that the process is practical in large-scale
commercial plants. Due to the Gaussian distribution of the solar flux distribution
in the focal area, it is very challenging to guarantee a uniform temperature
distribution over the material when it is directly subjected to concentrated solar
radiation. Oliveira, et al. (2016) suggests that the indirect heating of solar
radiation could enable thermal processing of materials under controlled and
consistent heating. This requires the selection of suitable heat absorber materials
that can absorb and transfer heat effectively and affordably. In the study,
graphite was chosen as the receiver material due to its resistance to high
temperature, good thermal conductivity and high emissivity. Figure 2.5 depicts
an indirect heating setup. In another study (Li, et al., 2015), other materials were
also used as receivers, namely stainless steel AISI 310 and molybdenum
disilicide (MoSi2). MoSi> is an intermetallic compound that has several
qualities that make it an excellent choice for use as a high temperature heating
element. It has an excellent resistance to oxidation, a moderate density (6.24

g/cm?), and an extremely high melting point of 2303 K.



Figure 2.5: Setup Used for Indirect Heating (Oliveira, et al., 2016).

23 Conclusion

The purpose of this review is to help the reader to keep up with the developments
of the solar furnace system. The examples reviewed demonstrate enormous
potential of using solar furnace for high temperature applications, despite
certain limitations that prevent a uniform distribution of temperature. Although
previous research on the solar furnace has been very comprehensive, which
includes its designs, simulations and applications, there has not been much focus
on the optimization of the simulation. Optimizing the resolution in terms of
simulation time and result accuracy can play an important role in the efficiency

and even feasibility of the simulations.



CHAPTER 3

METHODOLOGY AND WORK PLAN

31 Introduction

The flux distribution maps were obtained via a new Solar Furnace software
using Non-Imaging Focusing Heliostat. Figure 3.1 shows the user interface of
the software. This simulation software was developed using Microsoft Visual
C++ by my project supervisor. After entering in the parameter values and
selecting secondary concentrator type, the simulation is performed and a .dat
file containing a 201 x 201 matrix is created. This file is then opened in
MATLAB, which is able to produce the necessary plots. The simulation is
repeated with various combinations of resolutions. Microsoft Excel is also used

for storing data, performing calculations and plotting graphs.

5 Solar Furnace Using Non-Imaging Focusing Heliostat 3 ‘
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Figure 3.1: User Interface of Solar Furnace Using Non-Imaging Focusing



3.2 Requirement/ Specification/ Standards

The specifications used for the case study are listed in Table 3.1.

Table 3.1: Specifications of the Simulation.

10

Parameter Value
Target distance 2400 cm
Target size 25 cm
Mirror gap 1 cm
Mirror size 46 cm
Mirror focal length 2400 cm
Target position -6 cm
Pixels per mirror Variable
Pixels per solar disc Variable
Incident angle 14.05°
Spinning angle 0
Operational angle 36°
Number of row and column 17
Secondary concentrator diameter 70 cm
Secondary concentrator focal length | 27 cm
Heliostat focal length 2400 cm
CSR 0.01
Slope error 0.001
Motor M+N-2 motor
Secondary concentrator type Parabolic

The specifications of the computer used for the simulation: 12th Gen

Intel® Core™ 15-12400, 2.50 GHz, 8.00 GB RAM.

33 Methodology

To analyse the flux distribution, a coordinate transformation and ray-tracing

method are employed to model the solar furnace and heliostat. The objective of

coordinate transformation is to describe the movement of heliostat frame and

mirror, and ray-tracing method is to find the final hitting point of reflected
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sunray on the target plane by tracking the rays from mirror to concentrator to

target plane.

3.3.1 Heliostat

The formulas for heliostat are briefly presented in this report (Chen, et al., 2001;
Chong, 2010). A heliostat performs two functions concurrently, which is to
track the sun and focus the reflected rays. For the heliostat to perform sun-

tracking, the spinning and elevation angles of the heliostat frame:

cos 6 cos w (sin A cos ® — cos Acos @ sin ®)

T 1
9=Z—§sin‘1 —cos 6 sinw cos Asin @ 3.1)
+siné (cos Acos @ cos @ + sin P sin 1)
1 cos 8 cos w (cos Acos @ + sin Acos @ sin @)
cosp=——————<+sinAsingcosdsinw (3.2)
cos(m/2 - 26) +5siné (cos Asin® — sin A cos @ cos @)
for cosp > 0,
_ . _(—cosEcoswsingsin® + cos § sinw cos ¢ + sind sing cos P
Py =St { cos(1/2 — 26) } (3.3a)
for cosp <0,

—cosd coswsingsin® + cos § sinw cos ¢ + sind sin g cos ¢>} (3.3b)
cos(m/2 — 20) .

PR
where 6 the elevation angle, p is the spinning angle, § is the declination angle,
@ is the latitude angle, w is the hour angle, ¢ is the facing angle and A is the
target angle.

For the slave mirrors to perform ray focusing, the line-tilted angle for
mirrors located in the same row and line-tilted angle for mirrors located in the

same column:

—1t _1( Hc,cos 0 ) 3.4

7=\l sin6 +1L 34)
1 H.

=t -1(—y) 35

v 2 an Lcos@ (3-5)

where o is the line-tilted angle for mirrors located in the same row, y is the line-
tilted angle for mirrors located in the same column, H, is the perpendicular

distance between the centre of heliostat and the central line of the row where the
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concerned mirror is located, Hy is the perpendicular distance between the
centre of heliostat and the central line of the column where the concerned mirror
is located and L is the primary focal distance of the heliostat or the distance from
the heliostat to the vertex of secondary concentrator.

To model pre-setting element mirrors, additional line-tilted angles Ao

and Ay, which are constants in the function of preset incident angle, 6)¢get, are

added to o and y to form (o + Ao) and (y + Ay).

3.3.2 Modelling of Numerical Simulation

In the development of ray-tracing algorithm, three assumptions have been made.
Firstly, as illustrated in Figure 3.2, the mirror is subdivided into smaller
elements called reflective points, each with its own coordinate and unit normal
vector.

Secondly, slope error is introduced to consider the imperfections of the
mirrors due to manufacturing errors or mechanical deformation. It is defined as
the random error deviation from the ideal surface normal, which distorts the
reflected ray. Figure 3.3 illustrates how slope error causes deviation of reflected

ray. The deviation from the normal (Wong, Chong and Tan, 2015):

6r = /(=262) In(1 — 1) 0<rp<1 (3.6)
@ = 211y, 0 sr, <1 (3.7)

where gy and 7, are random numbers and § is the standard deviation of slope

error (also known in short as slope error).

Thirdly, the sunshape is modelled as a limb-darkened solar disc with
circumsolar radiation. As illustrated in Figure 3.2, each reflected ray from the
heliostat mirror is treated as a cone ray that spreads the reflected ray into p sub-
rays. Each sub-ray occupies an equal cross-sectional area with radiance energy
(Buie, Monger and Dey, 2003):

cos(0.326q;) 0<q <g
— L — sun

L(a;) = {cos(0.308a;) (3.8)

K.Y
e‘qa; Aoun < A5 < Agur
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where k = 0.9In (13.5)7 % , ¥ =22In(0.52y) /***—-01 , y is the
circumsolar ratio (CSR), «a; is the radial displacement about the solar vector,
Qsun 18 the solar disc half angle of 4.65 mrad, a,,,, is the angular extent of the

aureole of 12 mrad, { = 1,2, 3, ... p and p is the total number of sub-rays within

cone ray.

solar rays

preset mirror
(canted mirror)

NIFH heliostat

Figure 3.2: Schematic Diagram to Show Configuration of Solar Furnace

System and Cone Ray.
Mirror Normal @ Mirror Normal
(No slope error) (slope error)

Incident Ray Reflected Ray

Mirror /
(No slope error) Mirror

(slope error)

Figure 3.3: Slope Error (Wong, Chong and Tan, 2015).



The Cartesian coordinate system is defined by:

(1) The centre of the heliostat is at the origin O (0, 0, 0).

(i)  Z axis points towards the target.

14

(iii)) X axis and Y axis are parallel with vertical and horizontal

directions of heliostat frame at the

respectively.

initial orientation

The reflective point on heliostat mirror is called primary reflective

point, while the reflective point on secondary concentrator is called secondary

reflective point. The initial coordinate of a primary reflective point is

represented by H;j; = (Hy, Hy, H,);jk;, where the subscripts are the counters: i

and j represent row and column of the mirror respectively, k and 1 represent row

and column of the reflective point respectively. Tracking changes H;jy; to new

coordinate H';ji; = (H'y,H'y, H',)ijii - A 4 x 4 transformation matrix is

adopted to describe the transformation (Lu and Sung, 2013):

! —
H'ijii = MijH;ji

[Hq] H,
' H, H
where H ijkl = I %’I , Hijkl Hy ’
H, z
|_ 1 Jijkl 1 ijkl
M;; = [pl[d][T]ly + Ayllo + Ad][T4],
cosp sinp 0 0 cos@ 0 sind
_|—sinp cosp 0 O _ 0 1 0
PI=1 " 0o 1 o= sing 0 cose
0 0 0 1 0 0 0
1 0 0 —-H, 1 0 0 H,
01 0 —-H 0 1 0 H
[T1] = Y[ [T2] = 1
0 0 1 —-H, 0 0 1 H,
0 0 O 1 0 0 O
1 0 0 0

_ 10 cos(y +4y) -—sin(y+4y) O
sin(y +4y) cos(y +4y) 0f
0 0 0 1

- O O O

(3.9

(3.10)
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cos(o+40) 0 —sin(o+40) 0
0 1 0 0

Ao] = .
o+ 4d] sin(c +40) 0 cos(o+40) O
0 0 0 1

On the other hand, the initial normal of the reflective points can be

described by unit normal vector N; jki = NeX + N,y + N,Z.

Nx 1 HCx Hx
N H H
N:; y Cy y
ijkl Nz 2L 2L — H (3.11)
1 ijkl 1 ijkl

Tracking changes Njj; to new unit normal vector N';j; = N', 2 + N', 9 +

N',Z. The transformation that models tracking and slope error is described by:

Nij = M ijaNiji (3.12)
[N] N,
N, N
where Ny, = I yl Niji = Ny ,
N, p
| 1 Jijkl 1 dijia
M'iji = [plElly + Ayllo + Ac][6;][¢]. (3.13)
cosp —sing 0 O 1 0 0 0
_|sing cosp 0 O _ |0 cos6, —sin6. 0
lol=1" o 1 0| "o sine. cose, 0
0 0 0 1. 0 0 0 1.

Furthermore, the unit vector of incident sunray is defined as [ = I, % +

1,3 + 1,2, which is described by:

—c0s(0.5m — 20) sinp

sin(0. 51r —20) (-14)

—
Il
PN ST R

‘ I c0s(0.5m — 20) cosp



16

Now that both unit vectors of incident sunray and normal of reflective
points are obtained, the unit vector of primary reflected ray, R; ki = RyX +

R,y + R,Z, can be obtained as:

R, Irz(IxN,; + I,N, + I,N,)N, — 1x1|
Ry = Ryl _12(LeNy + I,Ny + I,N,)Ny, — I, (3.15)
R, | 2(1,N; + I,N,, + I,N,)N, — I,

I

gt | 1 Jijkl
Each primary reflected ray is treated as a cone ray that spreads the
reflected ray into p sub-rays, each sub-ray is then denoted as R; jkis = Rs, X +
Rg, ¥ + Rg,Z, where s =1,2,3,...p . Given unit vector of sub-ray and

coordinate of primary reflective point, the line equation can then be constructed:

=y Ty _ sz (3.16)

where P;ji; s = (Poxs Poys Psz)ijiis 18 the coordinate of secondary reflective point
of the secondary concentrator, which can be parabolic or spherical with its

vertex at (0, 0, L) and focal length f;. The diameter (aperture) is also considered.
The surface equation of parabolic concentrator:
S = Py* + Py® + 4fi(Py, — L) (3.17a)
The surface equation of spherical concentrator:
S =Py’ + Py’ + (P, — L+2£)% — (2f;)? (3.17b)

To obtain coordinate of secondary reflective point P;jy; s, the value of
equation 3.17 is set to zero and solved simultaneously with equation 3.16. To
obtain unit normal vector Ni/}kl’s = Ng X + Nsyf/ + Ng,2 of the secondary

concentrator:
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" VS
Nijkis = _| 7S] (3.18)
whereas the unit vector of the secondary reflected sub-ray, R; jkis = R X +
Rsy9 + Ry, 2, can be calculated as:
[R;x] Irz(Rsts:;c + RsyNs”y + RszN;;)N;;c - Rsx-l
Rje0s = IRSyI _ 12(RexNgy + Ryy Ny + Rg;Ngz )Ngy, — Ry | (3.19)
lRSZJ l 2(Rstsx + RsyNsy + Rsstz)st - Rsz l
ijkl,s |~ 1 Jijkl,s

Finally, the coordinate of the hitting point on target plane, Tjjy; s =
(Tsx> Tsys Tsz)ijkrs » can be determined by solving the line equation of the
secondary reflected sub-ray and the surface equation of the target plane. The

hitting point is expressed as:

_R st -
L—f,—Ly,—Py)+P
Tsx Rrsz ( f:s p SZ) + SX
T, R’
Tiiws = 77| =|or (L= fi = Lp = Py) + Py (3.20)
5z R's,
1 Lijrs L—f;

- 1 dijk,s

where L, is the displacement of target plane from focal plane of secondary
concentrator (positive means it is displaced towards the heliostat).

Each heliostat mirror of dimension w cm X w cm is represented by
nyr X nyg reflective points, and a cone ray has ngp sub-rays per aperture
radius. The total number of sub-rays per cone ray can be estimated by 7 X ngp2.
Furthermore, the target plane of dimension T; cm X Tg cm is represented by
nrr X nrg, which is fixed at 201 x 201 pixels. The solar concentration ratio
(number of suns) of a particular pixel in the target plane is the ratio of how much
irradiance the pixel receives over irradiance provided by one sun. If there are N
sub-rays hitting a particular pixel, its solar concentration ratio can be calculated

as:
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n=N ~
area of reflective point (cm? L(ax
C= z P ( ) ( S) X COSQU (321)
n=1

area of target pixel (cm?) "~ ¥°~F T (ay)

where area of reflective point = (W/nyg)? ., areaof target pixel =
(Ts/nrr)?, @ is the angular displacement of sub-ray relative to centre of cone

ray and 6;; is the local incident angle relative to the corresponding i,j-mirror.

3.3.3 Resolution

Total pixels per mirror = nyg X nyg
Total pixels per solar disc = m X ngp?
Total pixels of target plane = npg X npp
Mirror area = w X w

Solar disc area = w X RZp

Target plane area = Ty X Ty

Resolution is redefined, courtesy of my supervisor, here as the number of pixels

per unit area (unit of pixel per centimetre square or pixel/cm?).

The resolution of heliostat mirror:

TMR = (n%)z (3.22a)
The resolution of cone ray:

Tsp = (%)2 (3.22b)
The resolution of target plane:

Trp = (%)2 (3.22¢)
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where Rgp is the cross-sectional radius of cone ray projected on the target plane.
For simplicity, it is calculated from a cone ray from the origin of heliostat, which

leads to:
Rsp = (L + fs + Lp) tan agyr (3.23)
The resolution of target plane is used as a reference to estimate the

optimal resolutions for the mirror and cone ray. The resolution factor is

expressed as:

T

ky = 2R (3.242)
TR

k, = 32 (3.24b)
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Figure 4.1 and Figure 4.2 show the 3D and 2D plot of the flux distribution

profile produced by solar furnace using highest resolution (ryg = 3, r5p = 7)

respectively. Maximum solar concentration ratio (C,,,,) is defined in the plot.
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Figure 4.1: 3D Plot of Solar Flux Distribution.
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Figure 4.2: 2D Plot of Solar Flux Distribution.

4.2 Optimization

The mirror and cone ray resolutions affect the trade-off between result accuracy
and simulation time. Highly accurate flux distribution map can be obtained by
tracing large number of rays, but this will lead to impractically long simulation
time. Hence, it is important to determine the optimal resolutions that produce a
reasonably accurate result. The parameter that is used to judge the accuracy of
the solar flux distribution map is the maximum solar concentration ratio (Cp,q),
in which the deviation of maximum solar concentration can be interpreted as
the “roughness” of the flux distribution profile. Logically, maximum solar
concentration should approach a steady state or “true” value with increasing
resolution or simulation time. The optimal resolution is defined such that

maximum solar concentration is within 1 % deviation from the “true” value.
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4.2.1 Importance of Optimization

The total number of rays traced can be estimated as:
— 2 2
Nray - Nmirror X Npr X1 X Ngsp (4-1)

The number of rays traced depends on nyg and ngp, which are determined by
resolutions 1yg and 7gp. To plot to graph of computation time versus total
number of rays traced, the simulation was repeated with various combinations
of nyr and ngp. Figure 4.3 shows that the computation time (t) is linearly
proportional to the number of rays traced (Nyqy) by fulfilling the equation t =
1.8235 x 107° Nyqy. Naturally, the computation time and hence, the equation

varies for different computers used.

y =1.8235x

T

E-Y w o
T T T

w

Simulation time x 10* (s)
(]
T
p

-
T
.

0 1 2 2 4
Number of ray x 10

o

Figure 4.3: Graph of Computation Time Versus Total Number of Rays Traced.

As the accuracy of the flux distribution is dependent on number of rays
traced, simulation data has been collected to investigate the deviation of
maximum solar concentration with respect to simulation time. The deviation of
maximum solar concentration is defined as the percentage error from the “true”
value of maximum solar concentration, in which the number of rays to be traced
for obtaining this “true” value is a generous 35 billion rays. Figure 4.4 shows

the graph of deviation of maximum solar concentration versus simulation time.



23

Bear in mind the X-axis is logarithmic. From the graph, maximum solar
concentration rapidly converges to the “true” value: just 100 seconds to achieve
<20 % deviation, 1000 seconds to achieve < 5 % deviation and 10000 seconds
to achieve < 1 % deviation. However, diminishing returns are significant for
longer simulation times, e.g., from 1000 seconds to 10000 seconds, which is ten
times longer, only improves the deviation from 5 % to 1 %, which is a 4 %

improvement.

120

100

80 r

60 r

40

20 -

Deviation of Maximum Solar Concentration (%)

1 10 100 1000 10000 100000
Simulation time (s)
Figure 4.4: Graph of Deviation of Maximum Solar Concentration Versus

Simulation Time.

4.2.2  Optimization Techniques

Maximum solar concentration (Figure 4.5 and Figure 4.6) and the top of flux
distribution profile (Table 4.1 and Table 4.2) are plotted with respect to k1 and
k> to see the effect of resolution. Higher values of ki and k> correspond to higher
mirror and solar disc resolution respectively.

From Figure 4.5, maximum solar concentration converges to a steady
state value with increasing k; for a fixed k». Interestingly, a similar thing occurs
when ki and k> are switched (Figure 4.6). The resolutions that are around 1 %
deviation from the steady state values are k1 = 46 x 1073 and k> = 15 x 1073.
These will be the optimal resolution values and henceforth be used for the rest

of the report.
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Figure 4.5: Graph of Maximum Solar Concentration Versus k; for Fixed ko».

—m—k;=3x1073

ki=6x1073
ki=9x%x1073
-0 ky=12x1073

—.‘k1=15><10_3

—g—————1

Maximum Solar Concentration (suns)

30 40 50
kz X ].0_3

Figure 4.6: Graph of Maximum Solar Concentration Versus k> for Fixed k.

Optimizing the resolution solely based on maximum solar concentration
may not produce a sufficiently accurate flux distribution. Hence, for a more
comprehensive study, careful observation of the flux distribution pattern
becomes important. In Table 4.1 and Table 4.2, the tops of the flux distribution
profiles are listed with respect to k1 and k2. From the table, low resolutions

produce jagged profiles. Low number of rays mean that each ray from the
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heliostat mirror must carry a large solar concentration value, causing the sudden
spikes. Increasing values of k1 and k> show obvious improvement on the shape
and smoothness of flux distribution, where the pattern matures, and sharp spikes

gradually disappear.



Table 4.1: Top of Flux Distribution for Increasing ki for Fixed k.
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I'MR=O.4 I‘MR=0.6 I'MR=1.0 I'MR=1.6 I‘MR=2.1 I‘MR=2.9 I‘MR=3.9 I‘MR=4.6 I‘MR=5.2 I‘MR=5.8
ki=6x107° |k;=9x10° |k;=15x107 |k;=25x10° |k;=33x10" |k;=46x10° |k;=61x10° |k;=72x107 |k;=81x10° |k;=90x107
I's]):O.5
ko=8x107
I'SD:1.0
ky=15x10"3
I'SD:1.5

k,=24x107




Table 4.2: Top of Flux Distribution for Increasing k> for Fixed k.
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rsp=0.1

ko=1x1073

rsp=0.2
k»=3x1073

rsp=0.5
ko=8x1073

rsp=1.0

k2=15x107?

rsp=1.5

k2=24x107

rsp=2.0
k=31x107

rsp=2.5
k,=39x107

rsp=3.0
ko=46x107

rMr=0.2

k1=3x107

rvr=0.4
ki1=6x1073

rMr=0.6

1(1=9><10'3

rMr=0.8
ki=12x1073

rvr=1.0

ki=15x107?
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4.2.3 Comparison with Highest Resolution

To show that the ki and k> selected previously are optimal, a comparison with
the highest resolution available simulation result is performed (Table 4.3). As
there are two resolutions, k1 and ka2, it is difficult to determine which is the
highest resolution result. Here, four candidates are proposed: highest k1, highest
k2, largest number of rays (or longest simulation time), and lowest maximum
solar concentration. For the optimal k| and k> selected previously, the deviation
of maximum solar concentration is < 1 %. Furthermore, a mature flux
distribution pattern can already be observed, where there are not many

differences compared to highest resolution profiles.

Table 4.3: Comparison between Optimal Resolution, Highest k1 and Lowest

Maximum Solar Concentration, and Highest k> and Largest Number

of Rays.
ki =46 x1073 ki=90x103 ki =47 %1073
ky=15x%x1073 ko=24%x103 kr=112%x 1073
(Optimal resolution) (Highest k) (Highest k»)
(Lowest Crgx) (Most rays)
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=1 =] 2
= = El
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| g g \
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ki i is} = " i= i S
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4.3 Verification of Simulation Results

Simulation results can be verified by judging how well it matches with the
experimental results. Lim and Li (2009) provided an image of a steel plate
melted by a solar furnace (Figure 4.7), in which the specifications of the solar
furnace are given. The simulation specifications are listed in Table 4.4 (CSR
and Slope Error are assumed to be 0.01 and 0.001 respectively) and the resulting

solar flux distribution profile is shown in Figure 4.8.

o,

Figure 4.7: Steel Plate Melted by a Solar Furnace (Lim and Li, 2009).
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Table 4.4: Specifications for the Simulation of Solar Furnace Described in an

Article by Lim and Li.
Parameter Value
Target distance 2400 cm
Target size 20 cm
Mirror gap 1 cm
Mirror size 45 cm
Mirror focal length 2400 cm
Target position -2 cm
Incident angle 28°
Spinning angle 0
Operational angle 36°
Number of row and column 11
Secondary concentrator diameter 46 cm
Secondary concentrator focal length | 23 cm
Heliostat focal length 2400 cm
CSR 0.01
Slope error 0.001
Motor M+N-2 motor
Secondary concentrator type Spherical
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Figure 4.8: Top View of Solar Flux Distribution of Steel Plate.

4.3.1 Temperature Distribution Map
To obtain the temperature distribution map of the target, the solar concentration
ratios of the target pixels are converted into temperature as described by Stefan-

Boltzmann law:

I = eoT* 4.2)

where [ is the intensity on the target pixel and I = intensity of one sun X
solar concentration ratio, e is the emissivity of the target material, o is
Stefan-Boltzmann constant (o = 5.67 X 108 Wm™2K~*) and T is the absolute
temperature. The values provided or assumed: intensity of one sun =
800 Wm™2 and egee; = 0.96. Figure 4.9 shows the temperature distribution

map of the steel plate.
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Figure 4.9: Temperature Distribution Map of Steel Plate.

4.3.2 Comparison between Experimental and Simulation Results

The accuracy of the results can be judged based on the similarity of the size and
shape of the melting spot. Figure 4.10 shows the photo of the melted steel plate
and the temperature distribution map with an additional black contour of the
melting point of steel of 1800 K. The horizontal lengths of the melting
boundaries are also extrapolated from the scales given using a measuring
software.

In terms of size, the horizontal length of the melting boundary of the
ideal simulated result is larger by 44.79 %. The smaller melting spot of the real
steel plate may be attributed to heat loss through radiation of heat to the
environment and conduction of heat to the rest of the steel plate out of melting
spot. Furthermore, the steel plate may not be melted for long enough to obtain
the full size of the melting spot. This is evidenced by the steel plate being
gradually melted instead of being completely melted through. Lastly, the
various assumptions made to obtain the temperature distribution map may not
be accurate. As an example, the constant irradiance of 800 Wm™> may be

unrealistic.
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Fig. 4.10: Comparison of Melted Steel Plate (Lim and Li, 2009) (left) and
Temperature Distribution Map (right).

In terms of shape, the resemblance between both results is high. As
illustrated in Figure 4.11, it is apparent when the melting contour of 1800 K in
white is overlayed on top of the steel plate. The contour is scaled down to
compensate for the size difference and compressed vertically to compensate for

camera tilt.

Fig. 4.11: Melting Contour Overlayed on Top of the Steel Plate (Lim and Li,
2009).
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4.4 Solar Pyrolysis of Mixed Plastic Waste

Pyrolysis is the thermal decomposition of materials at elevated temperatures in
the absence of oxygen. It is a common technique used to convert plastic waste
into energy, in the form of solid, liquid, and gaseous fuels (Miandad, et al.,
2019). The best temperature for the pyrolysis of such plastic waste in terms of
conversion and product quality has been determined to be 500 °C or 773 K

(Lopez, et al., 2011).

4.4.1 Feasibility of Solar Furnace

Various factors affect the flux distribution and the corresponding temperature
map produced by the solar furnace. In terms of the flux distribution, the sun path
varies throughout the year and changes the incident and rotation angle of the
heliostat. Courtesy of my supervisor, Figure 4.12 and Figure 4.13 shows the
variation of incident and rotation angle for the heliostat operating in Yinchuan,
Ningxia, China (38.47° N, 106.27° E) respectively. In terms of the temperature
map, the solar irradiance affects the conversion of solar concentration ratio to
temperature. Solar Irradiance Data used in Table 4.5 was retrieved from Solcast

(Solcast, 2023).
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Fig. 4.12: Variation of Incidence Angle of Heliostat Operating at Yinchuan,

Ningxia, China.
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Fig. 4.13: Variation of Rotation Angle of Heliostat Operating at Yinchuan,

Ningxia, China.

To show that the solar furnace can achieve the temperatures that are

required for solar pyrolysis of mixed plastic waste, the flux distribution and the

corresponding temperature map of the solar furnace operating in Yinchuan has

been simulated for 21 June 2021 (summer solstice) (Table 4.5a), 22 December
2022 (winter solstice) (Table 4.5b) and 20 March 2022 (vernal equinox) (Table

4.5¢). Although the temperature map may be idealistic, e.g., assuming a black

body and no heat loss, for reasonable solar irradiance, the solar furnace easily

achieves plastic pyrolysis temperature of 773 K.
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Table 4.5a: Flux Distribution, Temperature Map and Solar Irradiance Data at

Yinchuan, Ningxia, China on 21 June 2021 (Summer Solstice).

Time | Flux distribution Temperature map Irradiance
(W/m?)
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Table 4.5b: Flux Distribution, Temperature Map and Solar Irradiance Data at

Yinchuan, Ningxia, China on 22 December 2022 (Winter Solstice).

Time | Flux distribution Temperature map Irradiance
(W/m?)
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Table 4.5c: Flux Distribution, Temperature Map and Solar Irradiance Data at

Yinchuan, Ningxia, China on 20 March 2022 (Vernal Equinox).

Time | Flux distribution Temperature map Irradiance
(W/m?)
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

A simulation software has been used to study the solar flux distribution of the
hot spot produced by the new solar furnace system consisting of a heliostat and
secondary concentrator. The details of the modelling and ray-tracing algorithm
have been presented. For computational simulations, the trade-off between
result accuracy and simulation time is important. Hence, optimal resolutions
taking into account both the value and geometrical profile of simulated results
have been determined, where optimal mirror resolution factor k1 =46 x 1073 and
optimal cone ray resolution factor k2 = 15 x 1073. For verification of the
simulation algorithm, a comparison of the simulated and experimental melting
spot of a steel plate has been made. To show that the solar furnace is feasible
for application in solar pyrolysis of mixed plastic waste, a case study of a solar
furnace operating at Yinchuan, Ningxia, China during solstices and equinoxes

has been simulated.

5.2 Recommendations for Future Work
The following are recommended for further research based on the flaws and
limitations of the study:

@) Determine whether the optimal resolutions found are still
optimal when the simulation specifications (e.g., target distance,
mirror size, and target size) are changed.

(ii)  Use a more realistic approach to determine the feasibility of
solar furnace such as considering reflection losses of mirror,
emissivity of target material and solar irradiance across a period

of time.
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