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Abstract

In this study, an attempt has been made to investigate the performance of large aperture
parabolic trough solar collector (PTSC). The aim of the investigation is to undertake the in-
depth studies towards the improvement in the performance of the large aperture PTSC and
towards its cost reduction. As the large aperture PTSC allows the design of a trough with low
parasitic consumption, and lesser numbers of pylons, supporting structures, solar field piping,
controls, drives and sensors which helps in reduction in costs of bill of materials. The
development of the PTSC majorly governs by four parameters optical, thermal, structural, and
techno-economic aspects and same has been investigated to identify the novel cost-effective

large aperture PTSC configurations.

The optical analysis is performed by developing an optical model using MATLAB to obtain
the flux distribution on the absorber circumference while including the limb darkening effect
in the incoming solar radiation. The analysis is performed to study the effect of different
Sunshape models, the number of rays, aperture diameter, and rim angle of the PTSC.
Furthermore, an attempt has been made to investigate the effect of optical errors such as slope

error, tracking error and receiver alignment error on the flux distribution and intercept factor.

Based on the optical analysis, it has been found that the PTSC of 9 m aperture diameter with
110 mm receiver tube is better among all the configurations considered for the analysis. The
above-mentioned PTSC configuration gives an intercept factor of 0.94. It is observed that the
proposed configuration has minimum effect on the intercept factor for a given receiver
alignment error. Based on the optical analysis, the above-mentioned large aperture collector
configuration has been identified and the same is considered for further investigations

pertaining to the thermal, structural, and techno-economic analysis.



The thermal performance of the proposed large aperture PTSC has been studied in two phases
i.e., thermal performance of receiver considering the conventional heat transfer fluid (HTF)
such as Therminol VP1 and effect of the nanofluids on performance improvement and to
minimize the circumferential temperature gradient around the absorber. The thermal analysis
of the large aperture PTSC is undertaken for various operating conditions of mass flow rate
(0.5 kg/sto 1.5 kg/s) and inlet fluid temperature (300 K to 650 K). The nanoparticles considered

for the analysis are Al,O3, Ag and a hybrid of Al,Oz and Ag.

Based on the thermal analysis, it has been observed that with proper choice of the HTF and/or
PTSC design, it is possible to reduce the thermal gradient on absorber circumference. The least
thermal gradient around the absorber circumference is observed with liquid sodium as HTF
which leads to less deformation of the receiver. The maximum receiver efficiency of 82% is
achieved for HTF with 8% volumetric fraction of Al.Oz nanoparticles. The temperature
gradient across the absorber circumference also decreases with nanofluids and results show that
the mean temperature observed on the absorber circumference for the Therminol VP-1, and
nanofluids based on Ag (8%), Al203 & Ag (8%) and Al203 (8%) are 721 K, 707 K, 692 K

and 681 K respectively.

As PTSC are deployed in the open terrains, the same are subjected to high wind speed and gust.
In this view, the likely effect of the different wind load conditions on the stability of the large
aperture PTSC has been undertaken. The analysis has been performed for various collector
orientations (pitch angle), wind speeds and wind orientations (yaw angle). An attempt has also

been made to estimate the deformation in large aperture PTSC under gravity and wind loads.

From the results of the wind load analysis, it has been observed that the collector should be
designed for the drag force at 0° pitch angle for windward, whereas for stability, the lift force

and pitching moment should be considered for the pitch angle of 60° at the yaw angle between

Vi



30° to 60°. The maximum force experienced by the concentrator at a maximum wind speed of
25 m/s is 6888 N at 0° pitch angle. The estimated wind loads along with the gravity load are
further used to determine the deformation in the large aperture concentrator with the maximum
deformation of 1.9 mm experienced for a wind speed of 25 m/s.

Based on the proposed collector configuration efforts have also been made to estimate the
capital cost and identify the cost reduction avenues for large aperture (9 m) PTSC using
inventory of materials approach for the Indian context. Based on the potential of reducing mass
of the various subsections of the solar field, the cost of the large aperture PTSC has been
estimated and the same is used to estimate the levelized cost of electricity (LCoE) for a 50 MW
CSP plant for both wet and dry cooling options by considering with and without thermal energy
storage (TES). It has been observed that there is a cost reduction potential of up to 25% for 9
m aperture PTSC as compared to ET based CSP plants. The lowest LCoE is estimated as INR
7.68 per kWh (1 USD = 73.29 as on 09/05/2021) for 9 m aperture PTSC, although the variation
in the LCoE is enormous, increasing to INR 23.97 per kWh for the considered parameters such

as location, direct normal irradiance (DNI), solar multiple (SM), and TES.

In summary, the study presents detailed investigation on several different important aspects of
PTSC that include optical, thermal, structural, and techno-economic considerations. It has been
identified that better manufacturing standards need to be incorporated to improve the
performance of the large aperture PTSC with available receiver sizes. For the chosen collector
configuration, there is cost reduction potential of approximately 25%. The results achieved
through this research work provide useful insights towards cost reduction of large aperture
PTSC which may help reduce the cost of electricity delivered by the PTSC based solar thermal

power plants.
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2 T H g9 TR WREIA® ¢ TR Hade? (UITTal) & UERH S SIid &R ol
g foram T B | SfiE o1 IR 9 TURR HATRf & yesH & guR iR 39! arrg o
HH P =M H T8 3 BT 6 | Afh TT TURR UIATTIRN &l WRIRICH @ud & MY
TH TH & [SolIg B AN <dl 7, 3R HH AL § URaiy, gad a1, IR &
arftiT, e, gr2a SfiR I¥R S Il & fod & AN & HH HRA # Hag Rl ¢
TR &1 [dp™ U9 €9 ¥ IR Acs! Ped, YHd, aIHD 3R dh-id!-
3R v st gR1 FEfAd a8 SR TdH a8 ToRR feue! SRR &1 UgaH
B & foru ST S b1 75 &

3P e faRAWUT MATLAB &1 JUTNT b T 3H0hal Ase [ Rid fbar Siran & drfes
3T aTat IR fafesRur § feray SIfBHT UHTa S 2N Hd gU ARy gRfY R ey
fareRor e fobam S Hap | fa=eiyor fafte =Ry Aisq, fhroll &t e, ToeR o SR
GICTTaHt & R BT & YHTT BT 3T B & 1o¢ fohal 91l § | SHb 31, o
faeRUr SR SexAe Taex W Hed Ffedl o gatr Ffe, S Fe ofik Reftar Weaw
e & YUTE BT ST FHRA &1 T fohar T g |

P H vl & SR TR, T8 T 141 § fh 110 mm REeR &E & 1Y 9 m TU=R 19
o1 YTt fazawor & o four e U @t SRR o 98 8 | STad diduerd
HIFPTRRIT 0.94 BT I HaeR &dl ¢ | T§ 48T 7T & [ URAIfad PI-pTREH BT bt
faw 7 Rftar Teaor Ffe & forw gevdie Hhaerk R gAdH UHTE UsSdT g | ioed fageyor




& YR W, ITYF I9 TR Hoaex HIRHTRIE DI UgaH St 715 § 3R U Y,
TP 3R dop-itep! e fagaiwur § Tefda o &) i & fore Amn man g1

IRATAd S TORR YIETua) & yHe UG o1 31ea= ol IRul # fha1 T §, Ugd dhaxd
gl TR TS (EadT®) o for yftfHta didt-1 &1 Refier urfa vee w srem fean
T § 3R D 1Y Y ISy &1 REaR UeRH & gHTE 3R Refiar aReia araH
P 3R B HH B & o8 g fHar T g | 98 TuR Hva™it &1y fawayur yarg
X (0.5 kg/s T 1.5 ke/s) 3R YA aRE aT0HH (300 K ¥ 650 K) Bt faftrd ufvamer fufaar
& fore fosa an 8 | famayor &5 T AlLOs, Ag TUT ALO; 3R Ag & BTEfes eI IR faaR
foar g |

YHid fIRWUT o STYR WR, Ig &4 71T § fob Tadiuw SR/ Uiduerdt fee & 3fed
faehed & Ty, Reftar aRfY W yd ST &1 &1 S 1d 5| Rl uRfY & IR 8k
AqH AT YqurdT oRd Aifead TIciuw & 1Y ¢! T8 ford RefTaR &1 & fasyqur
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s TR Y G aATH! H T ST 8, UMY d S gaT Bt 1 3R b & 3=
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Ua YR faxaiwor & uRomH 8, 98 <81 T § fb daiae’ &l fdsds & g o° g dlor wR
ST R & o fEemga faar S anfee, Sfafes fRuRar & forg, fove @ ok faftin @
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WS (E30Y) & 1Y 3R a1 faaR e fooiell & WRied arTd (Taisiis) &7 3gHH
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R offfPwra, ua, TRaTTd® SR dh-io!-iRIRd faaR M § | I8 UgaHT 1T §
o Iuasy R STHRI & 1Y T TUTR YT & &= H JUR o g sgaR fafmfor

Xi



D! B! A B B HTTRIHA § | I §T TUTEH (G- & 1T, AT H ATHT 25%
HH B UG 81 39 MY BRI P ATHH J U URUMH 98 TR HATad ot anrd |
HH 1 G2 H IUART SidefS Tar $d & o YicTeadl serid IR ardia e ¥aal gRI
fIad foroTelt &1 AT &1 8 B J Hag I Idhd g |

xii



Contents

Certificate
Acknowledgements
Abstract

Contents

List of Figures

List of Tables
Nomenclature

Chapter 1 Introduction
1.1 Relevance and justification of the study
1.2 Concluding Remarks

Chapter 2 Literature Review

2.1 Optical analysis
2.1.1 Analytical method
2.1.2 Flux measurement techniques
2.1.3 Monte Carlo ray tracing
2.1.4 Optical errors

2.2 Thermal performance analysis
2.3 Structural analysis

2.4 Techno-economic analysis
2.5 Research gaps

2.6 Objectives of the study

2.7 Outline of the study
2.8 Concluding remarks

Chapter 3 Optical Modelling of Large Aperture Parabolic Trough Solar
Collector

3.1 Introduction

3.2 Ray tracing of PTSC
3.2.1 Sunshape and flux on the focal plane
3.2.2 Methodology of flux distribution

3.3 Flux distribution on the absorber surface
3.4 Concluding remarks

Chapter 4 Effect of optical errors on the Performance of the Large Aperture
Parabolic Trough Solar Collector

4.1 Introduction
4.2 Description of optical errors

xiii

Page No.

Xiii
Xvii
XXiii
XXVii

10

11

11
12
16
18
26

30
35
37
39
41

42
44

45

45
46
47
53

55
64

67

67
68



Chapter 5

Chapter 6

4.3
4.4

4.5

4.2.1 Receiver alignment error

4.2.2 Slope error

4.2.3 Tracking error

Optical model and methodology

Effect of optical errors on flux distribution
4.4.1 Receiver alignment error

4.4.2 Slope error

4.4.3 Tracking error
Concluding remarks

Thermal Analysis of Large Aperture Parabolic Trough Solar
Collector

5.1
5.2

5.3
5.4

Introduction

Numerical modelling of the large aperture PTSC receiver

5.2.1 Thermal performance of large aperture PTSC with
conventional heat transfer fluid

5.2.2 Thermal hydraulic performance of the large aperture PTSC
using nanofluid

5.2.3 Governing equations
5.2.4 Boundary conditions
5.2.5 Methodology
Numerical model validation
Results and discussion
5.4.1 Thermal analysis
5.4.2 Effect of nanofluid

5.5 Concluding remarks

Wind Load Analysis of Large Aperture Parabolic Trough Solar
Collector

6.1
6.2

6.3

6.4
6.5
6.6
6.7
6.8

Introduction

Numerical wind load analysis of PTSC

6.2.1 Governing equations

6.2.2 Methodology

Numerical modelling of structural analysis
6.3.1 Governing equations

6.3.2 Methodology

Numerical model validation

Effect of pitch angle on wind load coefficients
Effect of wind speed on wind loads

Effect of yaw angle on wind load coefficients
Flow visualization

Xiv

69
72
72
72
73
75
81

83
85

87

87
91

91

93

101
103
105
107
108
108

114
128

129

129
130
132
134
138
140
141
146
148
151
154
157



Chapter 7

Chapter 8

6.9 Comparison of wind load with Euro Trough concentrator

6.10 Deformation of the collector due to wind load and gravity load
6.11 Concluding remarks

Techno-Economic Assessment of Large Aperture Parabolic
Trough Solar Collector

7.1 Introduction

7.2 Identification of the location

7.3 Estimation of the capital cost

7.4 Financial parameters

7.5 Methodology

7.6 Results and discussion
7.6.1 Cost reduction potential of large aperture PTSC
7.6.2 Effect of location of the plant
7.6.3 Effect of design DNI

7.6.4 Effect of solar multiple
7.7 Concluding remarks

Conclusions and Recommendations for Further Work

Appendix
Appendix A: LCoE estimation

References
List of Publications
About the Author

XV

167

168
171

181

181
182
182
191
193
198
198
204
206

208
215

217

223
225
255
257



This page intentionally left blank



List of Figures

Figure No.
Figure 1.1
Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6
Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11
Figure 3.12

Figure 3.13
Figure 3.14
Figure 3.15

Figure 4.1

Figure 4.2

Figure 4.3

Title of Figure
Schematic of a parabolic trough solar collector
Schematic of the intersection of the reflected ray on a plane
normal to the solar radiation
Schematic representation of the incoming and reflected solar
radiation in the PTSC
Schematic of perpendicular planes corresponding to each child
ray
Schematic representation of projection of all child rays on
perpendicular planes
Flow chart of the algorithm used for the flux distribution analysis
Effect of number of rays on the local concentration ratio
Validation of the developed optical model for studying the LCR
distribution as against other studies in the literature
Local concentration ratio of PTSC using different Sun shape
models
Effect of change of aperture diameter for the same GCR
Effect of change of rim angle on the LCR
Effect of error on the LCR
LCR for aperture diameter of 7 m with 70 mm and 80 mm
absorber tube
LCR for 8 m aperture diameter with available absorber diameters
LCR for 9 m aperture diameter with available absorber diameters
LCR for 10 m aperture diameter with available absorber
diameters
Schematic representation of the slope error (8s), receiver
alignment error (dx, dy) and tracking error (dt) for PTSC
Schematic representation of the misalignment of the PTSC
receiver (a) upward (b) downward (c) rightward and (d) leftward
Flux distribution for the various PTSC configurations as per the

availability of the absorber sizes

XVii

Page No.

48

50

o1

52

54
56
S7

57

58

59

60
61

62
63
63

68

71

74



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8
Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Flux distribution of PTSC 1 for (a) upward, (b) downward, (c)
rightward and (d) leftward displacement of the receiver

Flux distribution of PTSC 4 for (a) upward, (b) downward, (c)
rightward and (d) leftward displacement of the receiver

Effect of slope error for 9 m aperture diameter with intercept
factor as unity

Effect of slope error for 9 m aperture diameter with the fixed
receiver diameter

Flux distribution showcasing the effect of tracking error
Schematic of the receiver tube of PTSC

Variation of thermo-physical properties with temperature for the
various combinations of nanoparticles with Therminol -VP1 (a)
density, (b) specific heat capacity, (c) thermal conductivity, and
(d) dynamic viscosity

Flux distribution for PTSC of 9 m aperture diameter with
commercially available receiver sizes

Meshing of the analysis domain

Grid independent test of the receiver

Validation results of flow calculation accuracy

Comparison of temperature distribution on the circumference of
the absorber tube for both M1 and M2 configurations of PTSC
Temperature contours for M2 PTSC configuration at various
cross-section along the length (a) 1 m, (b) 2 m, (c) 3 m and (d)
4m

Temperature distribution on the absorber circumference of M2
PTSC for various HTFs

Effect of m on the temperature distribution of M2 PTSC at the
outlet (a) 0.25 kg/s (b) 0.5 kg/s (c) 0.75 kg/s (d) 1.0 kg/s (e) 1.25
kg/s and (f) 1.5 kg/s

Comparative heat losses for M1 and M2 PTSC for various mass

flow rates

XViii

77

78

82

83

84
92
100

103

105
106
108
109

111

112

113

114



Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18
Figure 6.1

Figure 6.2

Figure 6.3
Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Variation in the Nusselt number for the various combination of
the nanofluids (a) for various mass flow rates at Tin of 300 K and
(b) for various inlet fluid temperatures at rm of 0.5 kg/s

Parity plot of the Nusselt number

Circumferential temperature distribution of the absorber outer
surface for various nanofluids

Effect of the various nanofluids on the heat transfer coefficient
at various (a) mass flow rates and (b) fluid inlet temperatures
Effect of the various nanofluid on the thermal efficiency at
various (a) mass flow rates and (b) fluid inlet temperatures
Effect of the various nanofluid on the friction coefficient at
various (a) mass flow rates and (b) fluid inlet temperatures
Parity plot of the friction factor

Schematic diagram of (a) various forces acting on the collector
and representation of pitch angle, and (b) yaw angle direction
considered for the wind load analysis of large aperture diameter
PTSC

Schematic diagram of the analysis domain for PTSC at 0° pitch
angle

Meshing of the analysis domain

Grid independent test for the variation in (a) coefficient of drag
and (b) coefficient of lift

Schematic diagram of the 9 m aperture diameter concentrator at
0° pitch angle with mirrors and cantilever arm (a) front view, (b)
side view, and (c) isometric view

2D schematic of the mirrors and the cantilever arm dimensions
(m)

Two-dimensional pressure distribution positions on the front and
back side of the mirrors

Meshing of the concentrator (a) front view, (b) cut section view
front and (c) back cut sectional view (isometric)

Grid independent test for the maximum deformation at 0° pitch

angle

XiX

116

117

118

120

122

125

126
131

132

136
137

139

140

143

145

145



Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Validation of the developed model with the experimental study
reported by Hosaya et al. (2008) for (a) coefficient of drag, (b)
coefficient of lift and (c) pitching moment

Variation of wind load coefficient with pitch angle (a) coefficient
of drag, (b) coefficient of lift and (c) coefficient of pitching
moment

Force acting on the concentrator at different pitch angles and
wind speed

Average pressure on trough at various pitch angles and wind
speeds

Pitching moment on trough at various pitch angles and wind
speeds

Variation in wind load coefficient with yaw angle for various
pitch angles (Y) (a) coefficient of drag, (b) coefficient of lift and
(c) coefficient of pitching moment

Velocity vector for wind speed of 10 m/s at pitch angle of (a) 0°,
(b) 30°, (c) 60°, (d) 90°, (e) 120°, (f) 150°and (g) 180°

Velocity vector for wind speed of 25 m/s at pitch angle of (a) 0°,
(b) 30°, (c) 60°, (d) 90°, (e) 120°, (f) 150°and (g) 180°

Pressure contours for wind speed of 10 m/s and yaw angle of 0°
with various pitch angles such as (a) 0°, (b) 30°, (c) 60°, (d) 90°,
(e) 120°, (f) 150°and (g) 180°

Pressure contours for wind speed of 25 m/s and yaw angle of 0°
with various pitch angles such as (a) 0°, (b) 30°, (c) 60°, (d) 90°,
(e) 120°, (f) 150°and (g) 180°

Deformation of the 9 m aperture diameter concentrator under
wind and gravity load for various pitch angle at wind speed of 10
m/s

Comparison of deformation 9 m aperture diameter concentrator
with ET under wind and gravity load for various pitch angles at
wind speed of 25 m/s

XX

148

151

152

153

153

156

160

162

164

166

175

179



Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Methodology for the identification of the location based on
parameters such as DNI, water availability, temperature, and
climatic zones

Selection of the 6 (six) Indian locations out of 25 potential
locations based on the climatic zone and geographical diversity
Methodology considered for the techno-economic analysis of the
large aperture PTSC

Estimated LCoE for various location of India with and without
TES for both wet and dry cooling system

Estimated LCoE for various design point DNIs for a different

combination of the cooling system and TES

XXi

183

184

196

205

208



This page intentionally left blank



List of Tables

Table No.

Table 1.1
Table 2.1

Table 2.2

Table 2.3

Table 2.4
Table 2.5
Table 3.1

Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5

Table 4.6

Table 5.1

Table 5.2
Table 5.3
Table 5.4
Table 5.5
Table 5.6
Table 5.7

Table 6.1

Title of Table

Evolution summary of parabolic trough solar collector

Summary of the parameters considered for the optical performance
of PTSC used analytical approach

Summary of the parameters considered for the optical performance
of PTSC using MCRT /software on cylindrical receiver

Comparison of the methods used to analyze the optical performance
of the PTSC

Summary of optical errors considered for various PTSC geometries
Existing studies on the thermal performance of PTSC with nanofluids
Intercept factor for large aperture PTSC with the available absorber
diameters

Intercept factor of PTSC for the upward movement of the receiver
Intercept factor of PTSC for the downward movement of the receiver
Intercept factor of PTSC for the rightward movement of the receiver
Intercept factor of PTSC for the leftward movement of the receiver
Diameter of the absorber corresponding to the slope error for
intercept factor of unity for PTSC of 9 m aperture

Variation in the intercept factor with tracking error for PTSC of 9 m
with 110 mm absorber diameter

Summary of the study using FVM and combined MCRT- FVM for
PTSC

Specifications of PTSC

Thermo-physical properties of HTFs (Khandelwal et al., 2019)
Properties of gas in the annulus of the receiver (Forristall, 2003)
Parameters considered for the hydraulic and thermal analysis in CFD
Validation of a thermal model (Moss and Brosseau 2005)

Effect of GCR on performance for various nanofluids for PTSC
aperture diameter of 9 m

Parameters considered for the wind load analysis

XXiii

Page No.

13

19

24

28
32
64

79
79
80
80
82

84

88

91
93
103
106
108
127

137



Table 6.2

Table 6.3
Table 6.4

Table 6.5

Table 7.1

Table 7.2

Table 7.3

Table 7.4

Table 7.5

Table 7.6

Table 7.7
Table 7.8

Table 7.9

Table 7.10

Table 7.11

Table 7.12

Material properties used for the structural analysis (Mieser et
al.,2015)

Specification considered for the validation of the numerical model
Comparison of the wind load coefficients for 9m aperture diameter
PTSC with ET

Pressure distribution on the mirrors front and back faces of 9 m
aperture diameter concentrator for the wind speed of 10m/s at pitch
and yaw angle of 0°

Parameters presented for the cost estimation of the PTSC based CSP
plant (Burkhardt 111 et al., 2011)

SCA configuration of Euro Trough collector considered from the
SAM library (SAM, 2020)

PTSC plant specification considered for the estimation of the material
requirement and subcomponents cost using the inventory of materials
approach

Material requirement and associated for various subcomponents of 50
MW PTSC based CSP plant

Estimated cost of the 50 MW PTSC based power plant using
inventory of materials approach for both wet, and dry cooling systems
(with and without TES)

Financial parameters considered for the estimation of LCoE (CERC,
2020)

SCA configuration of large aperture (9 m) PTSC

Mass calculation of the various subcomponents of large aperture
(9 m) SCA

Cost-share fraction of various subcomponents of the SF and TES
(Aseri et al., 2021)

Number of sub-components of the PTSC based CSP for the wet
cooling system and TES of 6 hours

Reduction potential in solar field cost of 9 m PTSC for wet cooling
with molten salt as HTF and TES

Reduction potential in TES cost of 9 m PTSC for wet cooling with
molten salt as HTF and TES

XXiv

142

146
167

169

185

186

187

188

191

192

194
195

197

199

202

203



Table 7.13

Table 7.14
Table 7.15

Table 7.16

Table 7.17

Table 7.18

Table Al

Reduction potential at the various domains of the 9 m aperture PTSC
as compared to ET

Annual electricity generation (GWh) for various locations of India
Estimated capital cost and annual electricity generation for 50 MW
nominal capacity plant for various design DNIs

Estimated capital cost, annual electricity generation and LCoE for 50
MW nominal capacity plant without storage for various solar
multiples

Estimated capital cost, annual electricity generation and LCoE for 50
MW nominal capacity plant for various SMs and hours of TES
Estimated capital cost, annual electricity generation and LCoE for 50
MW nominal capacity plant for various SMs, hours of TES and
locations

Sample calculation for LCoE estimation

XXV

203

205
207

209

210

213

225



This page intentionally left blank



Nomenclature

Roman letters

a aperture (m)

b interaction coefficient

bs base fluid

Cp heat capacity (J kgt K?)

Cq coefficient of drag force

Ci coefficient of lift force

Cmz coefficient of pitching moment

d absorber diameter (mm)

dr discount rate (%)

Dai inner diameter of absorber (mm)
Dao outer diameter of absorber (mm)
Dyi inner diameter of glass cover (mm)
Dgo outer diameter of glass cover (mm)
f friction factor

fi focal length (m)

fi.avg average surface to focus path length (m)
E, horizontal force (N)

E, vertical force (N)

Gk turbulent Kinetic energy generation rate (m? s
h heat transfer coefficient (W m2K™)
I relative intensity

Iy irradiance (W m)
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kef‘f

kstd

Nu
nf
np
Pa
Pr

AP

Qtotal
Quseful

r

Re
Ro
R’
Tamb

Tao

Tin
Tfm

Tout

intensity at the centre of Sun image

annulus air thermal conductivity (effective) (W m?t K1)
annulus air thermal conductivity (standard) (W m™* K1)
length of collector (m)

mass (kg)

mass flow rate (kg s?)

number of years

Nusselt number

nanofluid

nanoparticles

pressure of annulus gas (Pa)

Prandtl number

pressure drop (Pa)

total available energy (W)

useful heat gain (W)

arbitrary radius in the Sun image

Reynolds number

size of the Sun image on a perpendicular plane (m)
size of the Sun image on preceding perpendicular plane (m)
ambient temperature (K)

surface temperature of outer absorber (K)

surface temperature of inner glass cover (K)

inlet temperature of working fluid (K)

temperature of mean fluid (K)

temperature at outlet of receiver (K)
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X, Y,z
y

Yref

Greek symbols

€a

&g

mean temperature of receiver (K)
temperature of sky (K)

velocity (m s?)

terrain wind speed (m s™)
reference wind speed (m s)
pumping power (W)

cartesian coordinates

distance from ground (m)

atmospheric boundary layer height (m)

kinetic energy (m? s?)
extremities of the ideal conical reflected ray (°)

extremities of the conical reflected ray for the dislocated receiver (°)

half angle subtended by sun (°)

annulus gas molecular diameter (cm)
slope error (mrad)

tracking error (mrad)

receiver alignment error (mm)

dynamic viscosity of working fluid (pa s)
turbulent viscosity of working fluid (pa s)
turbulent dissipation rate (m2 s)
absorber emissivity

glass cover emissivity

density (kg m)
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v rim angle (°)

A thermal conductivity of working fluid (W m2 K1)
v kinematic viscosity of working fluid (m?s™?)

Y intercept factor

Oa absorber absorptance

0g glass cover absorptance

T, pitching moment (N m)

MNth thermal efficiency (%)

[0) volumetric fraction (%)

oT Prandtl number (turbulent)

Ok, O¢ Prandtl numbers (turbulent) for the diffusion of k and ¢
Cy, C1, C2 turbulence model coefficients

Subscripts

b base fluid

p nanoparticle

w wind

Abbreviations

ABL atmospheric boundary layer

AC annual cost

AE annual electricity generation

AOA angle of attack

AOM annual operation and maintenance cost.
CERC Central Electricity Regularity Commission
CFD computational fluid dynamics

CR child ray
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CSP concentrated solar power

CTR central tower receiver

CT™M camera target method

DA depreciation amount

DNI direct normal irradiance

EPC engineering, procurement, and construction
ESS engineering equation solver
ET Euro Trough

FVM finite volume method

GCR geometrical concentration ratio
HS heated steam

HTF heat transfer fluid

LCoE levelized cost of electricity
LCR local concentration ratio

LFR linear Fresnel reflector

LI interest on loan

LP loan principal component
MCRT Monte Carlo ray tracing

MS molten salt

NSDRB national solar resource database
PB power block

PCR principle cost remaining

PDC parabolic dish collector

PP perpendicular plane

PTSC parabolic trough solar collector
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RE return on equity

RMS root mean square

SAM system advisor model

SCA solar collector assembly

SCE solar collector element

SEGS solar energy generating systems
SF solar field

SST shear stress transport

TES thermal energy storage

TO thermic oil

uUsD united stated dollar

WCI working capital interest
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