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ABSTRACT

The paper presents the research on optimization of heliostat field in terms of distance of
heliostat relative to the receiver. The heliostat field consist of sun tracking mirror (heliostat) that
reflects the sun radiation to the receiver at the top of the tower. Heliostat field efficiency is related
to cosine loss and atmospheric attenuation loss. Increasing the distance of heliostat relative to the
receiver, results in higher cosine loss and atmospheric loss. The heliostat field is located in Ipoh,
Malaysia (latitude 4.340 N). The angle of incidence is calculated using sun position and heliostat
position related equations that had been established in the mathematical model. The cosine
efficiency of the heliostat field and atmospheric attenuation efficiency are calculated using the
mathematical model that is done through Matlab simulation for one day and one week period
starting from 13" January 2020 until 19" January 2020. The cosine efficiency of the heliostat at 6
meter, 9 meter and 12 meter when the heliostat is facing directly north of the receiver are 76.9%,
72.4% and 69.6%.The atmospheric attenuation efficiency is the highest at 6 meter at 99.25% while
9 meter and 12 meter are 99.22% and 99.18% respectively. Shading and blocking is not focused
in this paper and The overall field efficiency that includes cosine efficiency, atmospheric
attenuation efficiency and mirror reflectivity is optimized when the heliostat is placed at west side
of field relative to the receiver at a distance of 6 meter and at facing angle of 45° that yields value
of 88.7%.



ACKNOWLEDGEMENT

First of all, I would like to express my deepest gratitude to my supervisor, Dr. Syed Ihtsham
Ul-Haq Gilani, that had been helping me since the first day that | was given the project during my
Final Year Project 1 until the completion my project in Final Year Project 2. He would always
spend some of his time for a brief meeting every week in order to clear any misunderstanding that
I have throughout my project and guide me slowly to the desired goals of the project. This allows
me to be able to complete the project with according to the objectives.

I would also like to express my thankfulness to the Masters student, Mr. Ibrahim, who is
also working on his project that is related to my project. | am able communicate and share some
of my doubts and confusions while completing my project with him as he would always make sure
that 1 am able to understand every input that he is giving to me. We would meet up occasionally
at solar site in Universiti Teknologi Petronas as his workstation is placed there.

In addition, | am grateful for the moral support from my peers and family that had
continuously gave me moral support throughout the project execution. | became more motivated
and high spirited in completing the project with the moral support that | received from the people

around me as they are all positive people.



TABLE OF CONTENTS

CERTIFICATION OF APPROVAL ...ttt ettt ettt sttt sttt e sbe e sate st st e bt e bt e sbeesmeesmee et e enneeneens i
CERTIFICATION OF ORIGINALITY 1o e e e e e e e s e e e e e e e e s e e e e e e e e e e e e e e e e e s e e e e e s esanasananasanens ii
A B S T R AT . e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaaaaaaaaaeans iii
ACKNOWLED GEMENT ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaeeaeaens iv
CHAPTER 1: INTRODUCTION ..c.uttiiiiiiiteteeteeteestte sttt et ettt sit e st st e e b e s beesseesaeeeate e bt e saeesanesanesabeenbeennes 1
1.1 Problem STate@mMENT .....ooiiiieeeeeee e et 3

B O] o1 T=Yor 4 YT PRSPPIt 3

1.3 SCOPE OF SEUAY wevieiiiiiiie it e e st e e e bt e e s sbte e e e sbtaeesestaeessaneeeessnnes 3

CHAPTER 2: LITERATURE REVIEW ... e s e e e e e e e s e e e e e e e e e e e e e e s e e e e e e e e eeenennnns 4
2.1SUN Tracking MELNOM .........eviiieiee e e e et e e et e e e et e e e e eeanaeeeean 4

D A Y =T B U o T = Vol = U 5

2.3 SUN ANEIE DEFINITION c..etiieieiiee e e e s saae e e e ae e e snnraeeeas 6

2.4 Heliostat LayoUt DESIZN ..cccuiiie it iciieee et ee st ee et e e e st e e e stae e e s sstaeeeesabaeeeesntaeaesnnsaeeeens 8

D R Y =T @ o Y YRS 9

2.5.1 COSINE LOSS....uviiiiiiiiei ittt 10

2.5.2 Atmospheric AttENUATION .......eeiiiiiee et e e e 11

2.5.3 Shading/ BIOCKING .....ccuvieieeieeeeeecee ettt ettt e eare s 11

2.5. 4 MirrorarefleCtiVity ...oeiiceee e e 11

PN Y o111 - =L TSP 11

2.6 Efficiency DiStribULION .....ccuviiieee et e e e 12

CHAPTER 3: METHODOLOGY ....otiitiiiieiitiiieete ettt et sttt ettt e r e sie e sanesene s b e s e seesbeesmeesaneenneesneesmeesanenas 13
3.1 Heliostat LayOout DESIZN ...ccccviiiiiiiieeceiiee ettt ettt e e e etre e e e sbee e s e enree e s s enbaee e enreeas 13

3.2 SUN POSITION cetiiiiiiiitc et 14

3.3 POSItION Of HEHOSTAT. ... eeeueieieeieeiiesee sttt st sbe e s s 15

3.4 CalCUIGtioN Of LOSSES ....eiruiieuiieieeieenite sttt sttt ettt sttt sttt sbe e bt e sbe e st e sate e beesbeesaeesanenas 16

3.5 SiMUIGLION Parameter........oociiiiieiieieieeee ettt st 16

3.6 Process FIOWCRNAIT......cc.uiiiiiiiee ettt s 18

R A CT- T 1 @1 1= o POV PPRTOTS 20

CHAPTER 4: RESULT AND DISCUSSION ....uiitiiiiiiiiiiiittte e ettt e e e e ettt e e e s s e sssreeeeeeesesannnreeeeesesesannnnes 22
4.10N€ DAY SiMUIGLION .....eiiiiiiieee e e e e e e e e e e e e s b rae e e e e e e e e eennnnns 22

4.2.0Nn€ Week SIMUIATION .....oocviiiiiiieciereee ettt 27

4.3 Heliostat Field EffiCi@NCY vuuiiiiiiee ettt e e e s earee e e 28



CHAPTER 5: CONCLUSION AND RECOMMENDATION......coiitiiiiiiiiiiiiiiiciccicc e 29

LT 6] 3T 1T o] o SRS PPPRUTTR 29

oI A (= Tole Y0 00 0114 Ve -1 4 o T T PP 30
REFERENCES ... ettt e ettt e e e e e et et ea e s e e e e e et e e bbb e s eeeeeeeaa b s aeeaesaaesasaseeeeeennssannnnaeees 31
APPENDICES ....ceiitte ettt ettt ettt ettt ettt ste e bt e e st e e beeesateessbeeesabeesabeeesteeasbee e sbeesabee e st e e aabeeenabeeeabaeenteeenbaeenanes 33
List of Figures
Figure 1.1 The schematic diagram of CSP teChNOIOGY[4].......veiiviiiiiiiiiiieecciee et 1
Figure 2.1 Two different sun tracking method [11]....cc.ceeiiiiiiiiiiiieeecee e e aree e 4
Figure 2.2 Energy lost with comparison to ideal tracking [2] .....ccveveviiiiiiiiiieecee e 5
Figure 2.3 Types Of SUN Tracker [2] ...ttt e et e e e ettt e e e e eata e e e ssasseeeeasaeeeeansseeesansreeanan 6
Figure 2.4 (a) Slope, Zenith , Surface Azimuth and Solar Azimuth angle (b) solar azimuth angle [12] ........ 7
Figure 2.5 shows the types of optical losses in a SCR system that relates to the optical efficiency[4]........ 9
Figure 2.6 Cosine effect of heliostat A and B in opposite direction ........ccccccuvveeeiiiie e, 10
Figure 2.7 Cosine efficiency vs 10Cal tiMe [3] ..cciuiiiiiiiiee et ree e e 12
Figure 3.1 Orientation of heliostat in the field [14] ..o e e 13
Figure 3.2 Geometric relationship of heliostat position relative to receiver ..........cccocvveeeeciieececiiee e, 15
Figure 3.3 facing angle in heliostat field .........coiiiiiiieie e s 17
Figure 3.4 FIOW Chart Of ProJECE......oi ittt et e e et e e e e abe e e s e abe e e e e nseeeeeennenas 19
Figure 4.1 Graph of Cosine efficiency at 6,9 and 12 MeELEIS.....cccciiieeiiiiee e e e 22
Figure 4.2(a) Heliostat at west side and at (b) eastxside of the receiver for 6 meter.........ccccceevveeeveeneee. 23
Figure 4.3(a) Heliostat at west side and at (b) eastxside of the receiver for 9 meter........cccceeeecveeeennneen. 24
Figure 4.4 (a) Heliostat at west side and at (b) eastxside of the receiver for 12 meter........ccccecvveeveennen. 25
Figure 4.5 atmospheric attenuation at different distance .......cccovveviiiiiicce e, 26
List of Tables
Table 2.1 Average Days in @ month and year [12] ...t e e e e s sare e e e saaeeeean 8
Table 3.1 Angles in tracking SUN POSITION [3]..eiiiiiiiieeiiee e e et e e e e e s e b e e e e eareeas 14
Table 3.2 parameters for SIMUIGLION .......oooiiiiiiie e e e e e ab e e e e e eareeas 17
Table 3.3 GaNntt Chart FYP L. ...ttt ettt st ettt e e et e st e s bt e e s beeebaeenateesabaeenanes 20
B o R I N - [ d @ - T Al o AU 21
Table 4.1 Cosine Efficiency for 1 week at west side of tOWET.........eviiiiiiiiiiiiie e, 27
Table 4.2 Cosine Efficiency for 1 week at east side Of tOWE ........veveeeiiiiiciiec e e 27
Table 4.3 West side Heliostat field effiCienCy ........ueeeeiiiieeeeeeceee e e et 28
Table 4.4 East side Heliostat field effiCienCy......ccuuee e e e 28

Vi



CHAPTER 1: INTRODUCTION

One of the challenges faced by the society nowadays is finding adequate supply of clean
energy. The current technology development that we are living in it today causes a disastrous
result of pollution from the rate of energy consumption produced by the fossil or chemical sources
that are known to be non- renewable energy [1]. The alternative for this issue is utilizing renewable

energy sources for example sun energy.

The land on the Earth is covered with a system that utilize conversion of solar power having
10% efficiency, would generate 20TW of power that is almost twice consumption rate of fossil
fuel by the world [2].In China, the power generated from coal-fired power plant are estimated to
be over 60% and it also contributes to 40% of total national emissions. This leads them to focus

more on generating power using renewable energy preferably solar energy.

Solar energy is the most easily obtained among other renewable sources of energy. Generally,
The Sun can emitenergy at a rate of 3.8 x 1023 Kw where taking 10% of the energy and converted
at efficiency of 10% would generate about four times the world’s total generating capacity of 3000
GW. The amount of Sun radiation falling on the Earth is more than 7500 times the world’s total
annual primary energy consumption of 450 EJ [3].
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Figure 1.1 The schematic diagram of CSP technology[4]



Concentrating solar power (CSP) is the new and are currently researched by scientists. This is
due to its ability in generating large scale electricity. By 2050, the CSP can reach 11% of electricity
demand over the world. Between other CSP technologies, the solar central receiver technology has
the most unique advantages compared to others due to its great potential for high efficiency and
scalability [5].

Solar central receiver system utilizes a sun-tracking mirror (heliostat) that concentrates the solar
radiation and reflects it to a receiver at the top of the tower [7]. The heliostat is a reflecting mirror
with single or double axes tracker that can track the position of the Sun rays. The high
concentration of solar power is translated into thermal energy that will be used to generate

electricity.

The main components present in the system are the collector, receiver and power generation
parts [8]. The essential subsystem is the heliostat field as it contributes fifty percent to the total
capital investment of the plant and also causes loss by up to forty percent in power [6-10]. The
high-power loss is closely related to the heliostat field. The heliostat field efficiency is usually

affected by the field layout, tracking control system and heliostat design.

The performance of the system can be observed through the efficiency that is explained as the
net absorbed power by tower receiver to the normally incident power. The layout of the heliostat
field give rise to optical losses that can be classified as cosine loss, atmospheric attenuation,

shadowing and blocking, receiver spillage, mirror reflectivity and losses due to other factors [11].



1.1 Problem Statement

The research on the heliostat field is still ongoing and requires more improvement to
enhance the optical efficiency of the heliostat field. One issue that arise is related to the distance
of the heliostat from the tower. When the distance increases, the atmospheric attenuation
increases. Another issue that had been observed is when the distance increases, the cosine loss
will increase. The relationship of the heliostat field can be defined to be directly proportional
as when one parameter is increase, the other parameter will increase. Therefore, it is imperative
to carry out study on the optimum distance between the heliostat with the receiver that will

result in the best heliostat field efficiency.

1.2 Objectives
The objective of the research is:
e To develop mathematical model in Matlab for calculating the heliostat field
efficiency
e To determine the optimum distance of heliostat between 6 meter, 9 meter and 12

meter and the facing angle relative to the center of receiver.

1.3 Scope Of Study

The study involves the research on the optimization of the heliostat field. The parameters
that are used in the mathematical models that had been established are taken from experimental
values from a solar site located in Universiti Teknologi Petronas, Tronoh, Malaysia. The
duration of this simulation is set to be for 1 day simulation and 1 week simulation period
starting from 13" January 2020 until 19" January 2020. Excel Spreadsheet is the software used
in order to keep the parameters that is used in Matlab for to computing, analyzing and
tabulating the results of heliostat field efficiency.



CHAPTER 2: LITERATURE REVIEW

2.1 Sun Tracking Method

Two sun tracking method that are commonly used in heliostat is the conventional method:
Azimuth-Elevation (AE) and Spinning-Elevation (SE) method. In SE tracking method, the
tracking axis of heliostat points towards spinning axis or also known as target that keeps the
tangential plane normal to heliostat. Another axis is tangential to frame heliostat and perpendicular
to the first axis until it bisects with the vector position of the sun (elevation axis). In AE tracking
method, one axis of heliostat is perpendicular to first axis and tangent to frame of heliostat
(elevation axis) while another axis is pointing towards zenith (azimuth axis). As the tracking is
independent of receiver and the Sun, the incident angle is achieved equal in AE and SE method

but the difference is in utilization of mechanism. Figure 2.1 shows the two types of tracking

method:
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Figure 2.1 Two different sun tracking method [11]



2.2 Types Of Sun Tracker

The tracking of solar position can be carried out using one-axis and two-axis tracking
system. In order to obtain a higher accuracy tracking, two-axis is commonly used and they are
categorized into two types which are polar tracking and azimuth/elevation tracking[2]. The figure
2.2 shows the energy lost with respect to the maximum tracking angle in comparison with the ideal
tracking. From the graph, it is observed when tracking angle is bigger than 60°, there is no energy
loss.[2]
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Figure 2.2 Energy lost with comparison to ideal tracking [2]

The categorization of the sun trackers is solely based on one and two axis devices. However, sun

tracking devices also includes active and passive as shown in Figure 2.3.
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Figure 2.3 Types of Sun Tracker [2]

2.3 Sun Angle Definition

Latitude angle, ¢ is the vertical angle between a line joint by point of location to the center of the
Earth with projection on equatorial plane (=90° < @< 90°). Declination angle, & is the angle
between line from center of the Sun to the Earth with the projection of the line on the Earth
equatorial plane; (—23.45-<6<23.45¢). Slope, B is the angle between plane of measured surface and

Equatorial (©.8)
tracking with tilt
angle equal to
latitude angle.

the horizontal line (0> <3 < 180° where B> 90- denotes that the surface is downward) [12].



Zenith
'

Marmal ta
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Figure 2.4 (a) Slope, Zenith, Surface Azimuth and Solar Azimuth angle (b) solar azimuth angle [12]

Surface azimuth angle, y is the deflection of projection from the local meridian on a horizontal
plane that is normal to the surface; having positive(west), negative (east) and zero (south);
(—180°< y< 1807°). Hour angle, o is the angle representing the position of the sun with respect to
clock hour at approximately 15° per hour. (morning as negative, evening as positive). Incidence

angle, 6 is the angle between radiation of the sun on a surface and normal to the surface [12].

Angles that describe the position of the Sun in the sky:
Zenith Angle, 6z is angle between the sun radiation and perpendicular to the horizontal plane.

Solar altitude angle, as is angle between sun radiation and projection on horizontal plane. It is the

complement of the zenith angle.

Solar azimuth angle, ys as shown in Figure 2.4. East of south displacement (negative) while west

of south are (positive).

Declination angle can be calculated using Table 2.1 and Equation 2.1 as reference that shows the

value for estimating the number of days, n according to the date and month of the year.

8§ = 23.45 sin (360 284*”)

365

(2.1)



Table 2.1 Average Days in a month and year [12]

For Average Day of Month

n for ith

Month Day of Month Date n 3

January i 17 17 =209
February 31 44 16 47 —130
March 59 +i 16 75 —24
April 90 +i 15 105 9.4
May 120+ i 15 135 18.8
June 151 + i 11 162 23.1
July 181 + i 17 198 21.2
Angust 212 4§ 16 228 13.5
September 243+ 15 258 2.2
October 273+ 15 288 9.6
November 304+ 14 318 —1589
December IM 4+ 10 4 —=23.0

“From Klein (1977). Do not use for |¢] = 66.5°.

2.4 Heliostat Layout Design

The heliostat is arranged in radius shape although there is different arrangement of the
heliostat field possible [13]. The layout is best for solar power plant as it reduces blocking and
shadowing losses [3]. This arrangement allows the heliostat to be placed strategically without
blocking heliostat that is place adjacently over the tower. The beam that was reflected from the
heliostat will go through the other heliostat heading to the receiver. It has been proven that
arrangement in staggered of radial pattern is more efficient as it reduces land usage and

atmospheric losses.[11, 13]

The radial spacing is the distance from the heliostat to the tower receiver.
According to [13], there are three views on the minimum radius of the heliostat with respect to

the tower. The three opinions are shown in Equation 2.2, 2.3, 2.4:

Rﬂ,ﬂ= len

=H, 2.2)



Rﬂ,{r=Rm mn

=().75H, 2.3)

Rﬂ,{r:Rmm

=0.8H,—H, (2.4)

2.5 Types Of Losses
The field efficiency comprises of cosine, reflection, shading, blocking, spillage and atmosphere

attenuation. The relation is given by the equation 2.5 below [4]:

:.?upl ical = ?Fuﬁ ine ?Iﬁ hading ?Fr"l.‘ﬂ.ﬂ.'l 1o ?Fbluck ing ?Iﬁ pillage ?Ial mosphere (2 5)

The figure 2.5 is the representation of the losses that are observed in a Solar Central Receiver

(SCR) system.
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Figure 2.5 shows the types of optical losses in a SCR system that relates to the optical efficiency[4]



2.5.1 Cosine Loss

The cosine loss has the biggest impact on reflected solar power of the heliostat due to the
dependency on position of the Sun and heliostat location relative to the receiver [3, 11]. By
definition, cosine loss is ratio of projection area by the heliostat in solar radiation way to the
surface.[11] The heliostat is required to be tilted at angle in order to direct solar radiation towards
the receiver. This results in lower amount of energy obtained by receiver and is known to be cosine

loss.

As shown in Figure 2.6, Heliostat A have a small reflecting angle that results in lower loss
while Heliostat B have higher loss due to bigger angle of reflection. The sun rises from east and
sets in the west. In the morning, heliostats placed at the west of the tower (receiver) will have
lower cosine loss in comparison with heliostats at the east of the tower. However, the situation is
reversed in the evening as the cosine loss is higher in east of the tower compared to the west side
of the tower.[14] Equation 2.6 shows the relation between angle of incidence with the cosine loss

efficiency.

at B Heliostat A

Figure 2.6 Cosine effect of heliostat A and B in opposite direction
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Neos = €OS(6;) (2.6)
2.5.2 Atmospheric Attenuation

Reflected rays on the path of heliostat mirror to the receiver are always affected by the
atmospheric attenuation. This loss relates between distance of heliostat and receiver located on the
tower [6]. The mathematical model below shows the calculation for atmosphere attenuation

efficiency [15]:

_ {0.99321 —0.0001176 x dist + 1.97 x 1078 x dist? , dist < 1000m @.7)

atm = | exp( —0.0001106 x dist) , dist > 1000m

2.5.3 Shading/ Blocking

Shading is the phenomena where sunlight radiation reflected by one heliostat is received
by a neighboring heliostat. Blocking is the obstruction of one heliostat from receiving sunlight
radiation by a heliostat [16]. The heliostat that is placed behind its neighbor is not able to fully
reflect its entire surface to the receiver as some part of reflected sun rays is blocked by the back

side of the heliostat placed in front of it [6].

2.5.4 Mirror reflectivity

Itis defined as quality of the surface reflectivity. This factor depends on cleanliness and

degradation of the surface. The value is usually taken to be constant equal to 0.88 [6, 15].

2.5.5 Spillage

This occurs when a part of the reflected radiation from the heliostat deviate from its path
and does not focused on the receiver. The likely caused are due to tracking accuracy and mirror
quality [6, 17]

11



2.6 Efficiency Distribution

According to [3], the cosine efficiency of the heliostat field varies with the position of the
heliostat. In Figure 2.7, three heliostats (1, 2 and 3) are observed at their own position where
heliostat 1 is at the north of the tower, heliostat 2 is at east and heliostat 3 in the west of the tower.
The cosine efficiency for heliostat 1 is in parabolic shape where it increases slightly and decreases
to its original value. For heliostat 2, cosine efficiency is higher during the day and it decreases in
the at the end of the day. Heliostat 3 have lower cosine efficiency in the morning and increases in
the evening.

), 0

& ww ~+~Heliostat 1
2 Heliostat 2
~—Heliostat 3

oI . ﬁu‘i‘@@ﬁ&-&i‘@ﬁ&@
Q@@@@@«?@i—*@«% T F

Lacal Time (hr)

Figure 2.7 Cosine efficiency vs local time [3]
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CHAPTER 3: METHODOLOGY

In order to design the heliostat field layout, this section will depict the derivation of a

mathematical model.

3.1 Heliostat Layout Design

The chosen configuration for the heliostat field is utilizing only the North side of the field with
radial staggered pattern that maximize field efficiency [18]. Figure 3.1 shows the orientation of
heliostat in rings in the North side of the tower [14]

West East

Figure 3.1 Orientation of heliostat in the field [14]
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3.2 Sun Position
The position of the Sun can be tracked and determined with the aid of astronomical

equations. The purpose is to lower the cosine losses and enhance the heliostat field efficiency.

Some of the angles of the Sun position are tabulated in the Table 3.1:

Table 3.1 Angles in tracking Sun position [3]

Angle Symbol

Hour angle hs
Zenith angle 0;
Solar Declination angle Js
Solar altitude angle Os
Solar Azimuth angle 0s
Solar latitude angle dlat
Target angle Ol
Facing angle Bhs

The position of sun is always changing every day for the whole time due to both the Sun and the
Earth rotating on its axis while the Earth is orbiting the Sun. Therefore, the solar angles are

necessary in order to model solar coordinates system. The solar declination angle is given by [12]:

§s = 23.45 sin (360 =) (3.1)

n is the day during one year that starts from 1% January to 31 December [12].

The hour angle (hs) is also calculated where it is the time of the day from 8.00am in the morning

until 4.00pm. The equation is given below [19]:
hs = (Solar hour -12) x15° (3.2)

Once hour angle (hs) is calculated, the solar altitude angle (as) is calculated using equation given

[19]:

0s=sin’t [cos(hs). cos (8s). COS (Prar) + sin(Ss). Sin(drar)] (3.3)

14



where the parameters are already calculated previously. @i is the solar latitude angle that had been
defined to be 4.34°N.

The zenith angle, 0, is the compliment of solar altitude where [19]:
0z=90"- as (3.4)

Using hour angle (hs) ,zenith angle (6z) and declination angle, the solar azimuth angle (¢ps) can be

calculated using equation [19]:

sin 85 x cos ¢jqr—cos 8 x cos hg x cos d)lat)

Ps = cos™I( (3.5)

CoS ag

If sin hg > 0, then @s= 27T - @s.

3.3 Position Of Heliostat

tower receiver ——>( A

heliostat d
\ Ht
'
H,$
. WV
< e ~7Tv ............................................. ~ "
B
R

Figure 3.2 Geometric relationship of heliostat position relative to receiver

The target angle of each of the heliostat is calculated from the relationship of tower height (Hy),
heliostat height, (Hn) and distance of heliostat to the receiver (R). The equation shows the

formulation for finding target angle and distance, (d).

H¢y—Hp

oy = tan™1( —) (3.6)

d = \/RZ + (H, — Hp,)? (3.7)
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The angle of incidence is then calculated from all the parameters obtained using the mathematical

model. The angle of incidence on the heliostat is given as [19]

1 g, . . .
0, = 5 Cos L(sin o4 sinog, + oS0 SiNQCOSA,-SiNBps + COSACOSQCOSA,-cOSBrs)  (3.8)

3.4 Calculation Of Losses

The angle of incidence, s is used to calculate the cosine efficiency as given in equation below:
Neos = COSO; (3.9

Where 7., is the cosine efficiency.

The atmospheric attenuation is calculated using the distance of heliostat, where:

_ {0.99321 —0.0001176 x dist + 1.97 x 1078 x dist? , dist < 1000m (3.10)

atm = |exp( —0.0001106 x dist) , dist > 1000m

3.5 Simulation Parameter

The simulation is carried out for a duration of 1 day starting on 13" January 2020 and the time
duration for a day are set to be from 8am to 4pm. Two parameters which are azimuthal spacing
and radial spacing are determined in order to observe and analyze the effect on heliostat field
efficiency at different values. Three heliostats are positioned in the field in a radius shape pattern
across the field. The radial spacing are set to be at 6-meter, 9 meter, and 12 meter respectively.
The azimuthal spacing between the three heliostats are fixed for three sets of simulation at angles
of 15°, 30°, and 45°. Figure 3.3 shows the facing angle in a heliostat field.
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Figure 3.3 facing angle in heliostat field

In order for the simulation to be carried out in Matlab, some parameters are identified and

listed out in Excel spreadsheet. The parameters are then imported to Matlab software for the

simulation based on the mathematical model that had been created. Table 3.2 below shows the

listed parameters that are necessary for the simulation.

Table 3.2 parameters for simulation

Parameter Unit
Heliostat length 1.5m
Heliostat width 1.9m
Heliostat height 1.5m

Heliostat distance 6m,9m, 12 m
Tower height 6m
Facing angle 0, 15°, 309, 45°
Mirror reflectivity 88%
Latitude 4.34°
Time 8am- 4pm
Date 13" -19™ January 2020
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3.6 Process Flowchart

The Matlab software is first opened and the parameters for the heliostat for example,
heliostat length, width, height, and distance from the receiver are set inside the code. Table 3.2
shows the parameters that are established and set in matlab software. Once parameters are set, the
governing equations are utilized in order to obtain the declination angle. The declination angle is
then used to obtain the target angle and facing angle of the heliostat relative to its position at the
heliostat field. By using the equations listed previously and translating it into matlab code, angle
of incidence is obtained. The cosine efficiency is then calculated as a function of angle of incidence
and atmospheric attenuation is computed as a function of distance of heliostat from the receiver.
The field efficiency is calculated by considering other losses that are present in the heliostat field.
The data is analyzed, and the code is simulated again for different distance of the heliostat that are
6 meter, 9 meter and 12 meter. Figure 3.4 shows the process flowchart of the simulation in Matlab

software.
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3.7 Gantt Chart
Table 3.3 Ganttchart FYP 1

Final Year Project 1

Week | Week | Week | Week | Week | Week | Week | Week | Week | Week | Week | Week | Week | Week
Description 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Project selection

Preliminary Research

Introduction

Literature Review

Progress Assessment 1

Proposal Defense

Mathematical modelling *

Excel execution

Interim Draft Report

Progress Assessment 2

Interim Report

Mathematical Modelling & (Week 10)
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Final Year Project 2

Table 3.4 Gantt Chart FYP 2

Description

Week 1

Week 2

Week

Week

Week

Week

Week

Week

Week

Week
10

Week
11

Week
12

Week
13

Week
14

Week
15

Project Continuation

Matlab Execution

Progress Assessment 1

Result & Discussion

Draft Dissertation

Viva

Progress Assessment 2

Project Dissertation

Result & Discussion (Week 5)
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CHAPTER 4: RESULT AND DISCUSSION

4.1 One Day Simulation
The simulation is carried out using Matlab software based on the mathematical model that had

been developed. The results are shown in Figure 4.1, 4.2, 4.3, 4.4 and 4.5.

In Figure 4.1, the heliostats are placed at exactly North of the tower (facing angle, Bns = 0) at
distance of 6 meter, 9 meter and 12 meter. It is observed that the shorter the distance between the
heliostat with the receiver, the higher the cosine efficiency of the heliostat. At 12 noon, the shortest
distance of heliostat (6m) have the highest cosine efficiency of 82.3% while (9m) having 77.3%
and (12m) having 74.1% cosine efficiency.

Graph of cosine efficiency
100 T T T T T T T

90 + T

80 e g Saae R

60 T

40 1 T

cosine efficiency

30 1 T

20 1 1
6m
10+ 9m -
12m

8 9 10 11 12 13 14 15 16
time

Figure 4.1 Graph of Cosine efficiency at 6,9 and 12 meters
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In Figure 4.2 (a), heliostats are placed in the west part of the receiver at distance of 6 meter
from the receiver in a radial staggered pattern. It is observed that the cosine efficiency is higher in
the morning and it starts decreasing throughout the day. The intersection points as shown in Figure
4.2 below shows that the cosine efficiency is the same for all the position of heliostat. This is due
to the position of the Sun that is exactly on top of the heliostat at noon. The highest cosine
efficiency obtained by the heliostat is at facing angle of 45° with value of 90% and reach the lowest
in the evening at 55% of cosine efficiency. The high cosine efficiency that is observed in the
morning is because the surface normal is pointing towards the receiver and the Sun is at the

opposite side of heliostat (sun rise from East to West).

In Figure 4.2 (b), the heliostats are placed in the opposite direction (east) of the receiver at
6 meter. The cosine efficiency is observed to be lower in the morning due to the Sun rises from
East. This results in a bigger angle of incidence of sun rays. The cosine efficiency of the east side
heliostat shows the highest value at 45° position relative to the receiver at 12 noon that managed

to reach up to 90% efficiency.
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Figure 4.2(a) Heliostat at west side and at (b) east side of the receiver for 6 meter
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In Figure 4.3 (a) and (b), the distance of heliostat is increased to 9 meter from the receiver.

It is recorded that the cosine efficiency is highest in the morning at west side of the receiver and

highest in the evening at the east side relative to the receiver. The cosine efficiency shows slight

decrease from 90% at 6 meter to 87% at 9 meter during the afternoon which has the highest cosine

efficiency. The distance of the heliostat to the receiver affects the cosine efficiency of the heliostat

field as such that the further heliostat from the receiver, the higher the cosine loss. The result

obtained are reversed for west side and east side because the position of heliostat at the heliostat

field are symmetrical where the heliostat is fixed at 0, 15°, 30° and 45° azimuthal spacing.
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From figure 4.4 (a) and (b), the cosine efficiency is observed to be slightly decreasing from

87% to 85.2% when the distance of heliostat is increased to 12 meter. The data is used based on

facing angle of heliostat at 45°. The west side of receiver shows a higher cosine efficiency

distribution compared to the evening. The east side is the opposite where cosine efficiency is higher

in the evening and lower in the morning. The further the distance of heliostat from the receiver,

the lower the cosine efficiency of the heliostat. The simulation at 12 meter shows that overall,

cosine efficiency are observed to be decreasing by almost 2% compared to simulation at 9 meter,

and decrease almost 4% compared to 6 meter simulation.
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Figure 4.4 (a) Heliostat at west side and at (b) east side of the receiver for 12 meter
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Based on Figure 4.5, the atmospheric attenuation efficiency is simulated for different

distance of heliostat.

The graph shows that for a higher distance of heliostat from the receiver, the

lower is the atmospheric attenuation. The graph shows that the values do not change with time

throughout the day. This is because atmospheric attenuation efficiency is a function of distance.

This is proven through the mathematical model as the only parameters that can be manipulated is

the distance of the heliostat in the heliostat field. The values of atmospheric attenuation efficiency

are 99.25%, 99.23%

atmospheric attenuation

and 99.18% for 6 meter, 9 meter, and 12 meter respectively.
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Figure 4.5 atmospheric attenuation at different distance
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4.2 One Week Simulation

The simulation is also carried out for a duration of 1 week from 13" January 2020 until 19" January
2020.Table 4.1 below shows the cosine efficiency obtained for different distance and position of
heliostat with respect to the receiver (tower) at the west side of the tower.

Table 4.1 Cosine Efficiency for 1 week at west side of tower

Position of heliostat relative to receiver, facing Cosine Efficiency (%)
angle (Degree) 6 meter 9 meter 12 meter
0 76.9 72.4 69.6
15 77.3 72.8 70.0
30 77.9 73.5 70.7
45 78.9 74.5 71.7

It is observed that the cosine efficiency is different based on the distance of heliostat and
position relative to the receiver. The further the tower from the heliostat, the lower the cosine
efficiency as shown in table 1 for 6 meter, 9 meter, and 12 meter. The facing angle of heliostat
also affects the cosine efficiency. The facing angle of the heliostat that have the highest cosine
efficiency is at 45 degree for all three different sets of distance of heliostat from the receiver. Table

4.2 below shows the cosine efficiency at the east side of the tower with respect to heliostat position.

Table 4.2 Cosine Efficiency for 1 week at east side of tower

Position of heliostat relative to receiver (Degree) Cosine Efficiency (%)
6 meter 9 meter 12 meter
0 76.9 72.4 69.6
-15 76.8 72.2 69.3
-30 77.0 72.3 69.4
45 77.5 72.9 70.0

It is observed that the cosine efficiency of heliostat at the east side of the tower is slightly
less compared to the cosine efficiency at west side of the tower. From analyzing the simulation
data in Table 5, the optimized distance of heliostat for both sides of the tower is at 6 meter where
the cosine efficiency is the highest at 77.5% compared to 9 meter (72.9%) and 12 meter (70.0%).
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4.3 Heliostat Field Efficiency

Efficiency of heliostat field is computed by taking all the efficiency that had been
calculated such as cosine efficiency, atmospheric attenuation, shading and blocking, and mirror
reflectivity. The simulation project is focused on cosine efficiency and atmospheric attenuation
efficiency. The atmospheric attenuation efficiency is constant throughout the one week simulation
at 6 meter (99.25%), 9 meter (99.18%) and 12 meter (99.15%) as the efficiency is a function of
distance of heliostat. The value of mirror reflectivity efficiency is assumed to be at 88% while
shading and blocking are not focused in this research. Table 4.3 and 4.4 below shows the heliostat

field efficiency for one-week period for west and east side at their respective position.

Table 4.3 West side Heliostat field efficiency

Position of heliostat relative to receiver (Degree) Heliostat Field Efficiency (%)
6 meter 9 meter 12 meter
0 88.1 86.5 85.6
15 88.2 86.7 85.7
30 88.4 86.9 86.0
45 88.7 87.2 86.3

Table 4.4 East side Heliostat field efficiency

Position of heliostat relative to receiver (Degree) Heliostat Field Efficiency (%)
6 meter 9 meter 12 meter
-0 88.1 86.5 85.6
-15 88.0 86.4 85.5
-30 88.1 86.5 85.5
-45 88.3 86.7 85.7

From the result obtained, the optimized heliostat field is achieved by placing the heliostat closer
to receiver, the efficiency can be increased by more than 1 %. When the distance of heliostat are
placed 6 meter from the receiver, it has the highest efficiency of 88% while 9 meter and 12 meter
are only at 86% and 85%. Once heliostat at 6 meter is chosen as the optimized heliostat field, by
analyzing the azimuthal spacing, the efficiency can be further increased by more than 0.1%. The
highest field efficiency is found to be at the west side of the receiver when the heliostat is placed

6 meter away from receiver and at facing angle of 45 degree that yields 88.7%.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The mathematical model for determining the solar position have been gathered and
developed. By utilizing the mathematical model, the solar and heliostat field position are
calculated, and the heliostat field efficiency are recorded. The further the distance of heliostat from
the receiver, the lower the cosine efficiency resulting in lower heliostat field efficiency. The
optimum distance of heliostat is 6 meter from the receiver at the west side based on the parameters
that had been used and the facing angle of heliostat that contributes to the highest cosine efficiency
is at 45 degree relative to the center of receiver that yields 78.9%. The atmospheric attenuation
efficiency is higher for heliostat that are placed at 6 meter distance compared to 9 meter and 12
meter from the receiver at 99.25%, 99.22% and 99.18% respectively. The further heliostats are
placed, the bigger the atmospheric attenuation loss. The overall heliostat field efficiency by taking
account of atmospheric attenuation, cosine efficiency and mirror reflectivity that is optimized is
found to be at west side of tower, 6 meter distance from heliostat, and at facing angle of 45 degree
that yields 88.7% for the parameters that had been set.
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5.2 Recommendation

Throughout the progress to complete my project, there are some recommendations that |
believe would be able to increase the quality of my project. First of all, my project are solely
focused on heliostat field efficiency that includes cosine efficiency, atmospheric attenuation and
mirror reflectivity. My project does not focus on shading and blocking effect of heliostat on the
heliostat field efficiency. | believe that the data obtained when I include shading and blocking

would increase my project credibility.

Besides, my simulation was carried out for two sets of time period, which are one day and
week. As a recommendation, it would increase my data collection and analyzing project if | were
to increase the simulation period to 1 year starting from 1% January until 31% December. This
would make me able to analyze the heliostat field efficiency thoroughly throughout the whole year.
| would also be able to further increase the credibility of my project.

Finally, another recommendation is that | believe it would better if the project was able to
be carried out in simulation and alongside with experimental. This is to ensure that the project that
are carried out can be analyzed directly to match with the experimental value. This will make the

project have a strong reference for the simulation part.
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APPENDICES

The matlah simulation code below is used in calculating and plotting the cosine efficiency of
heliostat field at distance § meter, 9 meter and 12 meter at facing angle of 0, 13,30 and 45 degree.

clear

ccuuFﬁ;]

=L

time=[8:1:16]

k=zeros(t,1};

%=[010111213 141516 17 18];
laid34;

while (t==0)

Yafor t=9:18

howr=(t+7-121*15;
fprintf (the hour angle is:%d 'y hour);
dec=23 45 *xind(360%((284-19)/(363))};
forintfl ‘the declination iz:%d 'n'.dec);
3ol alt =asind{(cosd(hour))*(cosd(dec)) ¥ cosd(lat))H sind{dec)) * (zind(1at)));
forintf ('the solar altitude angle i3:%d o' z0] alf);
zen ans =00-zol alt;
fogiatf (the zenith angle % ' zen_ang);
sol.azimuth= acosd((sind(dec))*(cosd(1af))
(5 (dec])®(cosd(hour))*(sind(1af)) (cosd(salal)):
forintf (‘the solar azimuth angle i3:.%d 'n' 301 azimuth);

if (zind(hour) =0
sl azismut=360-sol_azimuth;
else
end
tower =g
heli b=13
digt= 12

DeAt facing angle=0:
facing_angl={;

target. ang= atandl(tomer.h- helo )/ (dis):
forintf (‘the target angle is:%d \n' target,_ang);
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H=(sind(sol altD"(sind(tarzet, ang))
ml={cosd(zol alt))/*(zind(zcl azimuth))*(cosd(target ang))*(sind(facing angl))

nl={cosd{z0l alt))*(cosd(zol azimuth))*{cosd{target ang))¥(cosd({facing angl))
incident_ang1=0 5%*agosd(11+ml-+nl)

facing ang2=13;
L=(sind(sol alt)*(sind(tarzet ang))
m2={cosd(zol alt))/*(zind(zcl azimuth))*(cosd(target ang))*(sind(facing ang2))

n2={cosd(z0l_alt))*(cosd(zol_azimuth))*{cosd(target ang))¥(cosd({facing angl))
inecident ang2=0 5*acosd(12+m2-n1)

facing_ang3=-13;
3=(sind(sol atN)"(sind{target, ang))
m3=({cosd(sol_alt))*(zind(z0l_azimuth))*(cosd(target_ang))*(sind(facing_ang3))

n3={cosd(z0l alt))*(cosd(zol azimuth))*{cosd(target ang))¥(cosd({facing ang3))
incident ang3=05%*gcosd(13+m3-n3)

facing_ang4=30;

M=(sind(sol altN"(sind(tarzet, ang))
md=(cosd(sol alt))*(sind(zo0l azimuth))¥(cosd(target ang))*(sind(facing angd))

pd={cosd(z0l alt))*(cosd(zol azimuth))*{cosd(target ang))¥(cosd({facing angd))
incident_angd=0 5*ggosd(l4+md-nd)

facing_ang3="30;

15~(sind(sol_alt))* (sind(tarzef,_ang))
m¥=({cosd(sol_alt))*(zind(z0l_azimuth))*(cosd(target_ang))*(sind(facing_ang3))
ni={cosd(z0l_alt))*(cosd(sol_azimuth))*{cosd{target ang))®(cosd{facing_ang3))
incident ang3=0 5*acosd(15+m3-n3)

facing_ang6=43;

16=(sind(sol. 20" (siad(taseet, 208))
mé=({cosd(sol_alt))*(zind(z0l_azimuth))*(cosd(target_ang))*(sind(facing_angh))
nb={cozd(z0l alt))*(cosd(zol azimuth))*(cosd(target ang))®(cosd{facing angh))

incident angb=0 5¥gcosd(l6+mb-né)
facing_ang7=-45,

17=(sind(soL.alt)) " (sind(tarzef ang))
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m7=(cosd(sol_alt))*(zind(scl azimuth))*(cosd(target ang))*(sind(facing ang7))
n7={cosd{zol_alt))*(cosd{sol_azimuth))*{cosd{target ang))*{cosd(facing_ang 7))
mcident ang7=0.5%acosd(17+m7-n7)

cosine_effl(tfi=gpsd(incident angl)®100;

cosine eff2({t)=cozdiincident ang2)*100;
cosine_eff3(ti=gpsd(incident ang3)* 100;
cosine_effd(ti=gpsd(incident angd)* 100;
cosme_eff>(fi=gpsdincident ang3)* 100;

cosine effb(t)=gpsd(incident angf)*100;
cosine_eff 7 (tfi=gpsd(incident ang 7% 100;
Yocosine=[gost ;

Yofprintf ('the cosine efficiency iz %od 'nl cpsine eff);
% frintf ( Yy

t=t+1;

etd

dizp(cosine_effl)
disp{cosme_effl)
dizp(cosine eff3)
dizp(cosine _effd)
disp(cosme_eff>)
dizp(cosine efff)
dizp(cosine_eff’)

ma=(sum{cosine _effl 29
mb={zumicosine_eff2, 27)/9
me=(sum{cosine_efI3 29
md={zumicosine_effd 27)/9
me=(sum{cosine_effs 29
mf={zum(cosine eff6 21’0
mg={zumicosine_eff7,27)/9

disp(time)
figure
plot
{time cogine effl time cosine eff2 time cosine effd time cosine efff) xlabel("time"), yvlabel("cosin
e efficiency’); title ("Graph of cosine efficiency’);
ylim([40 95]);
lesend( {'(0 degree)’'(15 degree).'(30 degree)' (43 degree)'}, Lacation. southwest)
grid on
ZOOoMm on

fisure

plottime cosine eff] time cosine eff3 time cosine eff5 time cosine eff7) xlabel('time") ylabel(c
osine efficiency”); title {'Graph of cosine efficiency”)

yliga([40 O5]);

legend({'(0 degree), (-15 degree),(-30 degree).(-45 degree)'}, Location. southeast)

zrid on

ZOOMm ot
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The matlak simulation code below is used in calculating the cosine efficiency at different
diztance of heliostat at the point where it 1 north of the receiver.

clear

=13,

=1

time=[8:1:16]
b=zeros(t1);

96=[9 10 11 1213 14 15 16 17 18];
lar=4.34;
Yodec=zeros(10);
Sehour=geros(10);

Yosgl, alt=zeros(10);
Yozen, ang=zeros(10);
Yosol, azimpth=zeros(10);
Yoguef azimuth=zeros(10);
Yotarget ang=zeros(10);
Yefacing ang=zeros(10);
Yol=zeros(10);
Yom=zeros(10);
Yon=zeros(10);
Yoo=zeros(10);

Yeincident ang=zeros(10);
Yod=zeros(10);
Sacosine=[];

while (t<=9)
bafor t=19:18

hour=(t+7-12)*15;
foriatf (the hour angle ix:%d 5. hous);
23 45%5ind360%((284-+190/(3637));

fprintf] ‘the declination iz:%d 'n'.deg);

sl alt =asind((cosd(hour))*(cosd(dec))*(cosd(lat))(sind(dec))*(sind(lat)));
forintf ('the solar altitnde angle 13:%d 'n' g0l alt);
Zen ans =90-z0l alt;
forintf ('the zenith angle 15:%d 'n',zen_ans);

z0l azimuth= acosd((zind(dec))*(cosd(lat))-{cosd(dec))®*(cosdlhour)y*(zind( lat))/{cosd(scl_alt)));

fpnntf ('the solar azimuth angle 13:.%d ‘o' 30l _azimth);

if (sindhour) =0
s0l.azimuth=360-s0]_azimuth;
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elze

end

tomer b=g;
heli b=15;
distl=§;
dist2=0;
dist3=12;

facing angl=);

target_ang1= atand{(tawer b heli B (dist1));
fpriatf (the target angle is:%d \n' target_angl):
11=(sind(sqlalth\*(sind(target_angl))

ml={cosd(sol_alt))*(sind(sol azimuth))*(cosd(target angl))*(sind(facing angl))
nl={coszd{zol_alt))*(cosd(zol_azimuth))*(cosd(target angl))*(cosd(facing_angl))
mncident angl=0.5%acosd(11+ml+nl)

facing_ang2=0;

target_ang?= atand{(tawer b beli b (dist2)):
fpriatf (the target angle is:%d \n' target_ang?):

D~(sind(soL alt)*(sind(target_ang2))

m2={cosd(sol_alt))*(sind(sol azimuth))*(cosd(target ang?))*(sind(facing_ ang2))
n2={coszd{zol alt))*(cosd(zol azimuth))*{cosd(target ang2))*(cosd(facing ang2))
incident ang2=0 5*agosd(12-+m3-nl)

facing ang3=(;

_ang3= atand((tower, b- heli h)/(dist3));
fpriatf (the target angle js:%d \n' target_ang3):
B=(zind(sol alt))*(sind(target_ang3))
m3=(cosd(sol_alt))*(sind(scl azimuth))¥(cosd(target ang3))*(sind(facins ang3))
n3={cosd{zol alt))*(cosd(sol azimuth))*(cosd(tarzet ang3))*(cosd(facing ang3))
incident_ang3=0 5*aposd(13-+m3-n3)

cosine effl(t)=gpsd(incident angl)*100;
cosine eff2(t)=gpsd(incident ang2)*100;
cosine_eff3(t)=gpsd(incident ang3)*100;

Socosine=] ;

forintf ('the cosine efficiency is %od 'nlcpzine eff);
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farintf W)

et

end
ma={sum{cosine effl 2))/2
mb={zum(cosine_eff2 27)/9
me={sum{cosine eff3 2))/2
digp(cosine_effl)
dizp(cosine effl)
digplcosine eff3)

digp(time)
plot (time, cosine effl time cosine _eff2 time cosine eff3).xlabel('time"),vlabel('cozine
efficiency"); title ('Graph of cosine efficiency”)
yhim([0 1007);
legend({'6m, 9m' 12’ Location!. southyest)

grid on
ZOOH Of
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The matlah simulation code below is used in calculating and plotting the atmospheric attennation
efficiency of the heliostat field at different distance.

Clear

count=13;

=L

time=[8:1:14]

k=zeros(t.1);

lat=d.04;

while (<=5

tower b=i;
hel h=13;
distl= 6;
dist2=0;
dist3=12;

if dist1<1000

atn_att1{t)={0.99321-(0.0001176%dist LI+ 1.97F10"-8y*dast1(2)))*100
elze

atn_attl{t)=exp(-0.0001106%dizt1)

end

if dizt21000

attn att2{t)={0.99321(0.0001176%dist)H[1.97*10" 8 y*dist2(2)))*100
elze

atn_att2(t)=exp(-0.0001106%dist)

end
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1f dist3<1000
atm_att3(t)=(0.99321-0.0001176*dist3)H(1.97*10"-8)*dist3"(2)))*100
else
atm_att3(t)=exp(-0.0001106%dist3)

end

L
end
digplatm_attl)
dizp(atm_att2)
disp(atm_aft3)
dip(time)

plot (time attn att] tume atm att? time atm att3) xlabel{time"), ylabel['ztmospheric attennation’);
title ('Graph of atmospheric attenuation’)

Vlm([99.0 99.5]);
legend({6m’ 9! 12em'} Location southest)

grid on

Z00Mm Ot
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