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Abstract

In this thesis a Linear Fresnel Reflector (LFR), one of the major concentrating solar

technologies, is studied from the energetic and optic points of view. Generally

speaking, the Concentrated Solar Technologies (CST) systems are of particular

interest in sunny regions of the world for both electricity generation and heat

processing. More specifically, the thesis examines the LFR installed at the Cyprus

Institute (Nicosia, Cyprus), using Ray tracing and Flux Analysis software tools to

evaluate its behaviour and performance. The study is divided into 7 major sections:

Introduction: The study starts by analysing the meaning of sustainability
and its outcomes on energy transition following the implementation of new
technologies able to develop a natural equilibrium between the emission of
Greenhouse gases (GHGs) by human settlements or activities and their
absorption by natural and artificial sinks. Starting from a description of the
European Commission’s environment and energy policies (2020 Climate &
Energy Package, 2030 Climate & Energy Framework and European Green
Deal), the energy situation in Cyprus is then outlined, showing the different
energy indicators of Total Primary Energy Supply (TPES), Total Final
Consumption (TFC) and Energy Intensity and emphasizing on the
electricity production and energy imports into the island.

Solar Energy: The second part of the thesis considers the Solar Energy as a
renewable energy source. After describing its main characteristics, the
advantages and disadvantages of its exploitation are considered. The major
solar technologies are described highlighting their differences based on the
type of energy produced (electricity or thermal energy).

Concentrating Solar Technologies: The third chapter of the thesis
introduces the Concentrating Solar Technologies, considering their general
characteristics in terms of energy efficiency and the sites where they could
be installed. Then the main differences between CST and photovoltaic

systems (PV) are set out. A comparison between the several types of
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concentrating solar systems — the Parabolic Trough Collector (PTC), Solar
Power Tower (SPT) and Solar Parabolic Dish (SPD) — is made, taking into
account their specificity.

Linear Fresnel Reflector: The fourth chapter opens with a description of
the characteristics of the Linear Fresnel Reflector (LFR) plant, which is the
principal focus of the study. Its main applications are discussed here
considering its power and heat generation purposes. The plant installed at
The Cyprus Institute is presented technically afterwards. The principal
components of the LFR (Primary Reflector, Tracking System and Receiver)
are presented along with their functions and their composition. Thanks to
the energy equation concerning the thermal behaviour of the receiver, the
Incidence Angle Modifier (IAM), which is the final objective of the thesis,
is introduced. Two plants based on LFR (Existing plant and LFR with Non-
Imaging Optics NIO) are introduced for the study of their optical
performance.

Direct Solar Energy in Nicosia: The fifth chapter of the thesis outlines the
incoming solar energy received at the Cyprus Institute based on data
measured thanks to a locally installed pyrheliometer. DNI plots from three
different days (Summer Solstice, Winter Solstice and Autumn Equinox) are
exposed highlighting the duration of the days and the energy balance. In
addition, the daily average solar energy month by month is represented.
Method to compute IAM values using Tonatiuh: The sixth chapter is the
core of the thesis, introducing the methodology used to calculate the
Incidence Angle Modifier (IAM) of the two plants by considering the large
set of sun positions defined by the azimuth and elevation angles.
Considering as input the DNI registered over the previous years reported in
the previous fifth chapter, the collectable energy from the LFR plants is
evaluated with Matlab and represented also taking into account the optical
performance of the plants expressed by the IAM in order to compare them
in terms of energy.

Flux Analysis Distribution: In the seventh and last chapter of the thesis,

flux analyses in the receiver are carried out for the two different plants. After
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a short description of the methodology underpinning Tonatiuh software,
flux analyses are performed for three different positions of the sun in order
to understand how the solar power is distributed on the absorber surface.
The major differences between the two plants according to the flux analysis

are highlighted to extract the best flux distribution.



INDEX

ADSTIACT. ...ttt ettt 3
IRAEX Of fIUTES ...ttt ettt 9
L. INErOdUCHION. .. ..ottt ettt 14
1.1 SustainaDilify .................ccccooioiiiiiiiiiiiiiiieee e 14
1.2 European ERergy Strategy.................ccuouioiioiimiueeiieieeseeeeeeee e 15
1.2.1 2020 climate & energy package....................ccoeeeeeeeeceeescieieeeeeeeenineans 15
1.2.2 2030 climate & energy framework...................ccccccoveveveeiieeeceeneieenireanns 16
1.2.3 European Green Dedl .........................oooeevmeceiiiiiiaeieeeiieeiieeeiee e 17

1.3 Energy Balance of the Republic of CYprus................ccoceeevvevcvencivneeenencnnnennn 17

2. S0MAr ENEIY .....oooneiiiiiieeie ettt ettt st e e e e naeennneeans 26
2.1  Solar Technologies......................cccooeeviiioiiiiieiieseeseeee ettt 27
2.1.1 Solar Thermal Technology .....................cccccooveiiiniiniiiiieesieiieee e, 28
2.1.2 Solar Power Technology ....................ccccocoeveineiniiniinseniiineeneenecneeean, 28

3. Concentrating Solar Technologies................ccccooiiiiiiiiiniinineeeeee, 30
3.1 Types Of CSP SYSTEMS ..............cccceeeeeueeeieeeeciieeieesteeeeeeeereestreesseeseaeesssee e 32
3.1.1 Parabolic Trough Collector .......................occueeeeeeeceeaiiieeieeeeieeeieeeenn 34
3.1.2 Solar Power-Tower (SPT) / Central Receiver ............................cc.......... 35
3.1.3 Solar Parabolic Dish (SPD) SYSteni ................ccoeeeueeeceeeceeesreeecreennenen 38

4. Linear Fresnel Reflector ...............coccoooiiiiiiiiiiiiiieceeeeeee e 40
4.1  LFR Main Applictions. ..................cccooveieiueeeiiieiiieiieeeieeeeiee st 40
4.1.1 Power Generation Applications ......................cccceeceeevciiiiceieiveanieeannnnn 41
4.1.2 Thermal ApPliCAtions....................cccooovvceeieiiiiiiiieiieeeiee et 41
4.1.3 Linear Fresnel facility at Cyprus Institute.....................ccccvevuveecennnne.. 42

4.2 Components of n LER....................ccoocoeeeeeieeciieeiieesieeeeteeeeveesveeeiveesvee e 44
4.2.1 Primary Reflector ...................uuoeueeeeeeieeiieeiieesieeeeie e sreeesveesveeeenees 45
4.2.2 TraACKING SYSTEM.................ooeeeveeeiieeiieeiie et eeeeeete s ree s saaeesseeseaeesssee e 49



4.2.3 RECCIVEF ...ttt ettt e e e et e e e e e e s e s e s e e e s e e e seseseeenaan 50

4.3  Plants modelled within Tonatiuh....................c...cccccocovmiiimnoiiiviniiaiieieeeeann. 52
4.3.1 EXisting LER PIARK ....................ooooeieiiiieiieeiieeee et 52
4.3.2 LFR Plant with Non-imaging OPLicCs.................ccccecvueeeeeeeicevenieeneeennnnens 54

5. Direct Solar Energy in Nicosia..............cociiiiiiiiiiiiiiiiee e 57

5.1  Solar Energy MeasuremMent ....................cc.ccceeeeueeeiieeeseeeeneeeenneesseessneesssseesens 57

6. Method to compute IAM values using Tonatiuh++ ... 61

6.1  Incidence Angle Modifiers....................ccccoovvimiiiiiiiiiieiieiieiiesiesie e, 61

6.2 The Tonatiu++ PPOCESS..............occeeiueaeieeiieieieeeesiee ettt 62
6.2.1 Ray Tracing Analysis for the Existing LFR plant (ASB). ...................... 64

6.2.2 Ray Tracing Analysis for the improved LFR plant with NIO. ................... 65

0.3 Matlab ProCeSSing................ccooeeeveeecueeeeieeeiieesieesiteeeseeeesseesssseesseesssseessseesnses 66

6.4  Results of the IAM ARQIYSIS. .............ccocoueeeeueeeiiiieiieeeieeeee e seeeseeesaee s 67
6.4.1 1AMs and Energy received by the existing LFR plant (ASB)................. 67
6.4.2 IAMs and Energy received by the upgraded LFR plant (NIO) .............. 71
6.4.3 IAMs and Energy received by the improved LFR plant with insertion of
glass surface in the aperture of the receiver. ....................ccceeeveeeivenceeeeceeenerennnnn, 74

To FIUX ANALYSES ...oooiniiiiiiiii ettt ettt et e 79

7.1  Description of the Flux Analysis tool......................cccccccooeovivviuiinoeinivinnnnanns 79

7.2 Convergence ANALYSIS ...............cccooveeveiriiiriienienieeeeeeet ettt 80
7.2.1 Convergence Analysis on ASB plant. ..................cccccoecevviinviinvcnncnncnn. 80
7.2.2 Convergence Analysis on NIO plant. .....................ccccceveveveeeceeencreaannnn. 83

7.3 Flux Analysis in existing LFR Plant. ......................ccccccoveeeeeeciiencieeeeieeninenns 84

7.4  Flux Analysis in existing LFR plant without Glass pipes. ............................. 87

7.5  Flux Analysis with Non-imaging OPLiCS. ................cc.cccoueeeeueeeeiuresireeesveenirnans 89

8. COMCIUSIONS ..ottt sttt 91
BiBlIoGraPRY ............cocooieiieieeee et sttt 93
B, 1) 112 111 L. G USROS 97



1. Description of TORALIUNA ...................c.ccocooeuiiiiiiiiiiiiieeeseeeeeee et 97

2. Description of the design of the Fresnel Facility..................ccccccocveiveneanennnen. 99
2.1 RECEIVEF ... e e 100
2.2 SIPUCHUFE ...t 107
2.3 Primary Reflector ...............uoooceeiiiiieiieieieeeeeeee ettt eae e s 111

3. ERVIFORMERE SEUINGS ...........c..oooeeeeeieeeieeeeieeeeieeeeiteeeieeeeteesseeseeesssseesseesnnees 113

4.  Ray Tracing Simul@tions ...................c.ccocccooiieioimioiiioiiiiiiiieeee et 114

5. SCHIPETOOL ... e e 115

5.1  Definition of position and construction function for each component.... 116

5.2 Construction of the CYI Fresnel ...................cccoovcemvoveieiieaneeniaeieeeen, 119

5.3 8CONE SCOINGS ...ttt 122

6. Matl@D SCEIPES ............ooooeeeeeeeeeee ettt ettt e st e et e s nne e 123
6.1  DNIEnergy Yearly Plot.....................ooccoueeeeeieiiiaiiieeiieeiieeeiee e 123

6.2  DNIPower Plot .............c...cocooovueiiiiiiiniiiiiiiiiiiieieeseeee et 129
RiINGraziamenti................oooiiiiiiiiiiiecce e e 130



Index of figures

Figure 1: Cyprus' TPES [Ktoe] [10]..........cccooiiiiiiiiieeeeee e 19
Figure 2: Cyprus' TFC by sector [ktoe] [10]. ..........ccccoriiriiiiiiiiinieeeeeeeeeeee, 20
Figure 3: Cyprus' TFC by source [ktoe] [10]. .........cccccooiiiiiiiiiiiie e, 20
Figure 4: Cyprus' Net Imports [10]..........cccooiiiiiiiiii e 21
Figure 5: Imports and Exports of Oil in Cyprus [10].............ccocconiiniiniiniiiieee. 21
Figure 6: Electricity production by fuel in Cyprus [GWh] [10]. ...............ccocceeinne. 22
Figure 7: Low-carbon electricity generation by source in Cyprus [GWh] [10]. ....... 23
Figure 8: Cyprus' Energy Intensity [MJ/$2011] [14]............cccccoiiiininiiiiiiie, 24
Figure 9: Cyprus’ GDP (current USS) [14]. .......ccoooiriininiiiireneeeeeceee 24
Figure 10: Cyprus' Energy Trilemma [15]...........ccccocoiiiiiiiniiiieee e 25
Figure 11: Performances in the three core dimensions of the Energy Trilemma [15].
.......................................................................................................................................... 25
Figure 12: How the Solar Energy reaches the Earth's Surface [16].......................... 26
Figure 13: Solar spectrum [17]. ......c.ccoooiiiriiiiiiieiieee et eee s e 27
Figure 14: World's DNImap [18]........cccoioiiiiiieieeeeeeeee et 31
Figure 15: Cyprus' DNImap [18].......ccccoiriiiiiieieee ettt 31
Figure 16: Schematic representation of light concentration process [20].................. 33
Figure 17: Parabolic Trough Collector [22]. ........c.ccccovviriiiiiiieeiieeie et 34
Figure 18: Example of a Steam Solar Power Tower [22]. ...........coccooiiniiniinninnenn. 35
Figure 19: Solar Power Tower [22]. .......cooooiiiiiiiiiiiiiieeee e 36
Figure 20: Schematic representation of the energy flow in PFF [25]......................... 37
Figure 21: Structure of PFF's Cogeneration Power Plant. (1) Heliostat Field, (2)
Receiver, (3) Thermal Energy Storage, (4) Rankine Cycle and (5) MED desalination
UL [25]. ettt et ettt e st e s at e st e et e e te e beesateeabeeabe e bt e nneennees 38
Figure 22: SG4 system [20]. .......c..oooiiiiiiiiiieeee e 38
Figure 23: Example of LFR [27]......c.cooiiiiiii e 40
Figure 24: Dunhuang Dacheng 50 MW Molten Salt LFR [29]............ccccoccviininnn. 41
Figure 25: LFR plant installed in Sardinia for Heat processing for a cheese industry
L33 e ettt ettt e b et ettt e et e bt e saeesate e 41
Figure 26: LFR plant installed in Johannesburg for cooling purposes [34].............. 42
Figure 27: LFR placed at The Cyprus Institute [36]..........c.cccocevviiiiiiiiiiiniieeeien, 42
Figure 28: Layout of the entire process placed at The Cyprus Institute [36]............ 43
Figure 29: How a tracking system of LFR works [38].............ccccoeeviiiniiiniiniiiieies 44


file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133816
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133817
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133818
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133819
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133821
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133822
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133825
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133827
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133828
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133829
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133830
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133831
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133832
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133833
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133834
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133835
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133837
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133838
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133839
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133840
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133840
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133841
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133842
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133843
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133844

Figure 30: Parabolical Mirror vs Fresnel Mirror [28]. ............cccooviiiiiiiiiiiinieeee 45

Figure 31: Optical losses of the mirror [28]............cociiiiiiiiiiiineeeeee, 46
Figure 32: Longitudinal and transversal axis of a LFR [28]...........cc..cccccocoiini 47
Figure 33: Difference in the actions of a perfect mirror against to an imperfect one

[28 e e 47
Figure 34: Costs per kWe produced as a function of the number of rows [39]......... 48

Figure 35: Costs per kWe produced as a function of the gap between rows [39]. .... 49
Figure 36: Costs per kWe as a function of the ratio between Focus Length of the

mirrors composing a row and its distance from the receiver [39]............................. 49
Figure 37: Possible solutions of a tracking system in a LFR plant [28]..................... 50
Figure 38: Two possible shape of Secondary Optic [28]............cccoooiiiiiiiiiiniiiinn, 51
Figure 39: How a vacuum glass tube behaves in terms of heat transfer [28]. ........... 51

Figure 40: Existing LFR plant created using Tonatiuh viewed from the South. ...... 53
Figure 41: Receiver of the existing LFR plant...................ccocccoiiiiiiiiiniieeee 54
Figure 42: Improved Receiver with Non-imaging Optics. ...............ccoooiiniinninnnnen. 55

Figure 43: LFR plant with optimized receiver with non-Imaging Optics viewed from

EhE SOULN. ..o 56
Figure 44: LP Pyrheliometer 16 AC placed at The Cyprus Institute......................... 58
Figure 45: DNI plotted during Summer Solstice, Winter Solstice and Autumn

EQUINOX. ..ottt et et e et e e st e et e e st e e ssteeessreeetaeennteeeneeeenneenns 58
Figure 46: Daily Solar Energy at The Cyprus Institute. ................c.ccccceeviieniinenennnn. 59
Figure 47: Average Daily Solar Energy per month at the Cyprus Institute.............. 59
Figure 48: Representation of how the sun position could be expressed..................... 61

Figure 49: General view of the LFR at Cyl with Tonatiuh++ with solar Azimuth of

60° and Elevation of 45°. ..ot e 63
Figure 50: Script run for achieving the optical efficiency of LFR at zenith.............. 64
Figure 51: Second Part of the Script run for achieving the IAM. .............................. 64
Figure 52: Script run for achieving the optical efficiency and the IAM for the
improved LFR plant. ...t 66
Figure 53: IAM values depending on longitudinal and transversal angle for the
existing LER Plant...........cc.cooiiiiii e 68
Figure 54: Transversal and Longitudinal IAM for ASB plant....................ccccoeoee. 68

Figure 55: DNI available by day vs Energy collected by the Receiver of the existing
LER DY dAY. ..ottt ettt ettt st 69

Figure 56: Daily average available and collectable energies (left axis) and

10


file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133845
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133846
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133847
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133848
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133848
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133849
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133850
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133852
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133853
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133854
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133855
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133856
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133857
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133858
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133858
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133859
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133860
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133860
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133861
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133862
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133863
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133864
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133864
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133865
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133866
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133867
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133867
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133868
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133868
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133869
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133870
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133870
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133871

corresponding optical efficiency of the existing LFR (right axis)............c...cc.cc.c.... 70
Figure 57: IAM values depending on longitudinal and transversal angles for the
upgraded LER plant. ..ot 71
Figure 58: Difference between the IAM achieved with the NIO plant compared to
the exiSting Plant. ..o 72
Figure 59: Daily average available and collectable energy (left axis) and optical
efficiency of the upgraded LFR (right axis)............ccccccoovviiniiiiiiiniiieeceeeeeiee 73
Figure 60: DNI available by day vs Energy collected by the Receiver of the improved
LER DY daY. ..ottt sttt sttt st e 73
Figure 61: Modification of the improved LFR with NIO with the glass surface in the
APCITULC.......utiiitiiiiiieitt ettt ettt e et e ettt e sabee e bt e e eubteesbbeesabeeebbeesabeeebbeesabeeeabteesabeeennbeenns 74
Figure 62: Difference of the IAM values depending on longitudinal and transversal

angle between the two different NIO plants weighted by optical efficiency at zenith.

.......................................................................................................................................... 75
Figure 63: IAM values depending on longitudinal and transversal angle for the
upgraded LFR plant (NIO) with glass surface at the aperture. ............................... 75
Figure 64: DNI available by day vs Energy collected by the Receiver of the LFR
improved with glass By day..............cccoooiiiiiiiii e 76
Figure 65: Daily average available and collectable energy and corresponding optical
efficiency of the improved LFR with glass............c...cccoooiiiiiiiniii e, 77
Figure 66: Daily Average Solar Energy Comparison between the three plants........ 78
Figure 67: Flux Analysis Parameters view for the existing LFR plant.................... 80
Figure 68: Flux Distribution at 90°, 60° and 30° of elevation. ..................c.cccvrennnn. 85

Figure 69: Power Received by the absorber by varying the Elevation angle and
fixing the Azimuth angle. ... 86
Figure 70: Flux Distribution without Glass pipes at 90°, 60° and 30° of Elevation.. 87
Figure 71: Flux distribution for the two absorbers of the LFR plant with NIOs. The
top figure is at 90° of elevation, the middle is at 60° and the bottom one is at 30°.... 89

Figure 72: Comparison Flux Distribution of the two plants................................... 90
Figure 73: Tonatiuh Main Interface.................ccccooconininiiiiiiecece, 97
Figure 74: Mirror tree COmMPOSItiON. ............cccooiiiiiiiiiniiiiiicececeeeee e 98
Figure 75: LFR TTEe. ....c.cooiiiiiiiiiiiiieceeeet ettt 99
Figure 76: Receiver Tree. .........occcooiiiiiiiiiiiiiiictceenteee ettt 99
Figure 77: Structure Tree. ..ot 99
Figure 78: Receiver Parameters. .............cc.ccoooiiiiiiiiiiiiinieieeeeeeee e 100

11


file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133871
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133872
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133872
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133873
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133873
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133874
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133874
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133875
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133875
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133876
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133876
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133877
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133877
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133877
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133878
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133878
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133879
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133879
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133880
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133880
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133881
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133882
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133883
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133884
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133884
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133885
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133886
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133886
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133887
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133888
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133889
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133890
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133891
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133892
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133893

Figure 79: Absorber Node. ...........cocooiiiiiiiiiiiieee e 100
Figure 80: Absorber Shape. .............coccoiiiiiiiiiiiece e 101
Figure 81: Absorber Parameters. ............cccccoocveviiriiniiiniiniinienieeeeee e 101
Figure 82: Glass Pipe Parameters. .............ccoccoooiiiiiiiniiiniiniiieeecceneese e 101
Figure 83: Glass Pipes Tree..........c.cccoooiiiiiiiiiiiiieeeccee e 101
Figure 84: Glass Pipes NOde.............coocoiiiiiiiiiiiiieeceee e 101
Figure 85: Inner Parameters............c...coocoiiiiiiniiiiiiieeeeeeeeeee e 102
Figure 86: Outer Parameters................c.cooiiiiiiiiiiiiiieeee e 102
Figure 87: Inner/Outer Glass Pipe Shape................ccccoooiiiiiiiiiiiiee 102
Figure 88: Connections Node.............ccocccooiiiiiiiiiiiiineete e 102
Figure 89: Connections Tree..............coociiiiiiiiiiiiiiiiecete et 103
Figure 90: Outer Shape. ..........ccooiiiiiiiiiii ettt 103
Figure 91: Seal Shape. ............ccooiiiiiiiiii e 103
Figure 92: Seal Parameters. ...............coooiiiiiiiiiiiiiiiiinie ettt 103
Figure 93: Outer Parameters. ............ccoccceoiiiiiiiiiiiiiiniiieiteeee ettt 103
Figure 94: Secondary Reflector Parameters. ..............cccccooviiiiiiiiniiiniiiiinieeneeee, 104
Figure 95: Secondary Optic Pattern with its equation of the fourth order. ............ 104
Figure 96: Secondary Reflector Node. .............cccooviriiiiiiniiniiniiieeeceeeee e 104
Figure 97: Mirror Parameters. ............coccooiiiiiiiiiiiiiieeescesiee sttt 105
Figure 98: Mirror Shape. ...........ccooiiiiiiiiiiii e e e 105
Figure 99: Cover TTee. ........coooo ittt st s 106
Figure 100: Cover Parameters.............cc.ccooiiiiiiiiiiiiiieieeeee e 106
Figure 101: Top Rectangle Shape...............c.cocviiiiiiiciiiieeee e 106
Figure 102: East Rectangle Parameters...............cccccoooeiiiniiniiniiniiineineeeeneeeeee 106
Figure 103: East/West Rectangle Shape. ..............cccocovviiiiiiiieciiee e, 107
Figure 104: East Edge Parameters. ..............cc.cccoooiiiiiiiiniiiniiieecee e 107
Figure 105: Structure Tree. ..ot 107
Figure 106: Inlet/Outlet Node. ..............ccoooiiiiiiiiiiiee e 108
Figure 107: Partl NOde . ..........coooiiiiiiiiiieeee ettt sttt e 108
Figure 108: Part]l Parameters...............cccoooviiiiiiiiiiiieieeieeeeeee ettt 108
Figure 109: Partl Shape..........coooiiiiiiiiiii ettt 108
Figure 110: Part2 Node. .......c..ccooiiiiiiiiiiiccceeeeec ettt 109
Figure 111: Part2 Parameters..............cccccooiiiiiniiniiniiecenccneenteete e 109
Figure 112: Part3 NOde. .......c.cooiiiiiiiiiiiieeeeec ettt 109
Figure 113: Part3 Parameters..............cccccoiiiiiiiiiiiiiieieceee st 109


file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133894
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133895
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133896
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133897
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133898
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133899
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133900
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133901
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133902
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133903
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133904
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133905
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133906
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133907
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133908
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133909
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133910
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133911
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133912
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133913
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133914
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133915
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133916
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133917
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133918
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133919
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133920
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133921
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133922
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133923
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133924
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133925
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133926
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133927
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133928

Figure 114:
Figure 115:
Figure 116:
Figure 117:
Figure 118:
Figure 119:
Figure 120:
Figure 121:
Figure 122:
Figure 123:
Figure 124:
Figure 125:
Figure 126:
Figure 127:
Figure 128:
Figure 129:
Figure 130:
Figure 131:
Figure 132:
Figure 133:
Figure 134:
Figure 135:
Figure 136:
Figure 137:

West Beams NOde. ......cc.cooeiiiiiiiiiiiiiiicceeeeeeeree st 110
Beams NOde...........coooiiiiiiiiiiie e 110
Motor Boxes NOde . ........cocooiiiiiiiiiiiiiieeeece et 111
Primary Reflector Node. ..............ccoooiiieiiiiiieieeeeee e 111
Primary Reflector Tree...........c.coovveiiieiiiieiiecieeete et 111
Tracker Setting Parameters. ................ccccoeoiiiiiiiiiiiniiecceee e 112
Shape Parameters of the mirrors...............cccocoovviiiiniiiiniiinee e 112
WOELA TIree. ..ottt 113
Sun Parameters.............cccoiiiiiiiiiiiieieee e 113
Disabled NOdes............cccooiiiiiiiiiiiiieeeee et 113
Ray Tracing Setting (1)........coooeiriiiiiiiinieeieeeeteeee et 114
Ray Tracing Setting (2)........ccooeeriiiiiiiiiiieiieeeeete ettt 114
Position and material script part for CYI LFR facility. ...................... 116
Mirror FUunCtion. ...........ccocciiiiiiiiiiiiiiecc ettt 117
Flange Function. .............coccoiiiiiiiiiiiiic ettt 117
Pipe FUunCtion. ...........oooiiiiiiiiiiii et 118
Outlet/Inlet FUNCHION. ............ocoiiiiiiiiiiiiieeeeeee e 118
Motor Boxes, Inlet, Outlet and Primary Reflector Node...................... 119
Receiver and Absorber Nodes. ..............cooeeviiniiniiiiiiieceeeeeene 120
Glass Pipes and Connections Nodes................cccoeeeveeriieeniienceeeieenieenns 120
Cover NOe.......ccc.ooiiiiiiiiiieee ettt st 121
Secondary Reflector Node. ..............cooeeiireiiiiiiieieeee e 121
West and West Edge Nodes. ............ccocovvriiiniiieiiieeiie e 122
Beams NOde...........cooiiiiiiiiiiiii e 122

13


file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133929
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133930
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133931
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133932
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133933
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133934
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133935
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133936
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133937
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133938
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133939
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133940
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133941
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133942
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133943
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133944
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133945
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133946
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133947
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133948
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133949
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133950
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133951
file:///C:/Users/Utente/Desktop/Manuscripts/Manuscript_20201123_V13.docx%23_Toc57133952

1. Introduction

1.1 Sustainability

One of the greatest challenges facing humanity in the 21* Century is the need to
supply reliable sustainable energy, which can be defined as an energy source that
"meets the needs of the present without compromising the ability of future
generations to meet their own needs" [1]. The sustainability is the solution to world-
wide Climate Change, resulting from Greenhouse gas emission, which has led to an
unstoppable increase in the global average temperature, triggering a series of
catastrophic environmental events. In response, the nations of the world have
accepted to act together within the United Nations Framework Convention on
Climate Change (UNFCCC). Within the egis of the UNFCCC, the Paris Agreement
was developed in 2015 with the goal of keeping the increase in global average
temperatures to well below 2 °C above pre-industrial levels and of pursuing efforts
to limit the increase to 1.5 °C. This target can be achieved, as discussed within the
agreement, by striking a balance between cutting back anthropogenic emissions at
their sources and removing the greenhouse gases via sinks by adopting three
different behaviours: Adaptation to the adverse impacts of climate change,
Mitigation efforts with the development and deployment of low carbon energy
technology and the creation of "finance flows consistent with a pathway towards
low greenhouse gas emissions and climate-resilient development". The definition
of sustainability appeared for the first time in 1987 in the book “Our Common
Future”, produced by the World Commission on Environment and Development,

which set out four key elements of sustainability regarding the energy world:

e Ability to increase the energy supply in order to satisfy growing human

needs.
e Energy Efficiency.

e Public Health and Safety.

14



e Protection of the biosphere.

The single path that can be pursued in order to meet the sustainability challenge is
that of energy transition: in brief, the transformation of the energy system from
fossil based to zero carbon. In this scenario, the renewable energies play a

significant role.
1.2 European Energy Strategy

The European Energy Strategy can be summarized by considering three different
policies: 2020 Climate & Energy Package, 2030 Climate & Energy Framework and
the European Green Deal [2].

1.2.1 2020 climate & energy package

The 2020 Climate & Energy Package is a collection of laws introduced in order to
guarantee the achievement of Energy and Climate Targets for the European Union.

It aims to reach three different goals:
e 20% of reduction of emission of CO2 (from 1990 levels).
e 20% of EU energy from renewables.
e 20% improvement in energy efficiency.

These targets were fixed by EU leaders in 2007 but adopted in legislation only in
2009. The achievement of those targets is designed to increase EU energy security

and generate jobs in the green energy sector. To do so, different tools are necessary:

1. Emissions trading system (ETS): the world’s first major carbon market. It
aims to limit emissions from more than 11,000 heavy energy-using
installations and airlines operating between EU countries. Covering around
45% of the EU’s greenhouse gas emissions, EU ETS works with the “Cap
and Trade” principle. A “cap” or maximum amount is fixed on greenhouse
gases emissions for each installation of a defined system. This threshold is
decreased over time to reduce emissions. In order to comply with the
threshold, companies “trade” i.e. receive or buy emission allowances. In the

case of non-compliance, hefty economic sanctions are inflicted.
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2. National emission reduction targets: Covering the sectors that are not
included in ETS (i.e. Housing, Agriculture, Transport and Waste disposal),
the EU Commission fixed until 2020 the carbon emission limits for each

country that must not be surpassed.

3. Renewable energy: National targets for the share of Renewables are set for
the different EU countries. The share can vary in order to make provision
for the various starting points of renewable energy production (ranging from

10% for Malta to 49% for Sweden).

4. Innovation and financing: With the NER300 programme and Horizon 2020,

the EU encourages the growth of innovative low-carbon technologies.

1.2.2 2030 climate & energy framework

The 2030 Climate and Energy Framework covers EU targets and policy objectives
for the period from 2021 to 2030. This plan is really only an update of the previous
one because it is based on the same principles, regarding the reduction of
greenhouse-gas emission and the development of green technologies. The

objectives for 2030 are:
e Reduction by 40% (1990 levels) of Greenhouse gas emissions.
e Renewable energy share of 32% of the total energy consumption.
e Energy Efficiency increased by 32.5%.

As in the previous plan, the EU ETS and non-ETS sectors must meet the new
objectives. Therefore, the ETS sector must cut greenhouse gas releases by 43%
(compared to 2005), whereas the non-ETS sector must decrease its emissions by
30% (compared to 2005). The EU government has assumed an “an integrated
monitoring and reporting rules to guarantee a development upon its 2030 climate
and energy targets” [2]. The scope of the framework is to support the EU member

countries in building a global energy system that:
e Ensures Energy Security providing affordable energy for all consumers.
¢ Reduces the dependences on energy imports.

e Fosters Innovation and competitiveness.
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e Improves Energy Efficiency in order to decrease the total energy

consumption.
1.2.3 European Green Deal

The European Green Deal is a law that ensures the long-term transformation of the
European Union into “a modern, resource-efficient and competitive economy”
based on the development of an economy uncoupled from resource use and on the
achieving of zero net emissions in 2050. This target could be achieved through

different actions:

e Decarbonising the energy sector, which accounts for 75% of the EU’s

greenhouse gas emissions.

e Renovating buildings to help people cut their energy bills and energy

consumption, which represent 40% of the total energy use.

e Providing support industry to innovate and to become important leaders

within a green economy.
e Developing new, cleaner and healthier ways of mobility.

The European Union offers economic support to the member countries, regions,
industrial sectors and workers, affected by this transition. This policy, called the
“Just Transition Mechanism”, aims “to ensure that the transition towards a climate-
neutral economy happens in a fair way, leaving no one behind”. Therefore, the
financial support (at least 150 billion of euros) will be allotted to the countries,

industries and sectors which are at present the most carbon-intensive [3] [4].

At this point, therefore, it would be appropriate to review the situation of Cyprus

regarding its past and future energy strategy as well as its reference energy system.

1.3 Energy Balance of the Republic of Cyprus

In this section, Cyprus’s Energy Balance is described by considering a very detailed
set of energy indicators. It must be underlined that Cyprus here refers only to the

areas under the Republic of Cyprus (ROC), as data are not available for the entire
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island of Cyprus [for obvious political reasons].

Before discussing in detail the main energy indicators, it is necessary to have a clear
picture of the ROC energy context. The Cypriot state has suffered from energy
isolation due the total absence of electricity and gas interconnections. However, in
recent years, various energy projects have been implemented in order to solve this
problem. Two of them are the EastMed Project and the EuroAsia Interconnector

Project.

The EastMed project is based on the construction of a natural gas pipeline, directly
connecting East Mediterranean energy resources to Greece via Cyprus and Crete.
The pipe will have a total length of 1,900 km and will transport 10 billion cubic
meters per year of natural gas from the off-shore gas reserves in the Levantine
Basin, eventually as far as Italy [5]. The EU Commission has contributed to this
project with financing to the tune of €34.5 million, a sum which is justified,
considering the established key European goal of diversifying its gas suppliers and
decreasing its dependence on Russian natural gas supplies [6]. The EuroAsia
project, on the other hand, relies on an HVDC interconnector between the Greek,
Cypriot and Israeli power grids via a long submarine power cable (310 kilometres
from Israel to Cyprus and 898 kilometres from Cyprus to Greece, for a total of 1,208
kilometres) [7] [8]. For ROC this is an important step forward, which will end its

electricity isolation from the EU countries [9].

To return to the study of the main energy indicators after this necessary digression:
the total primary energy supply (TPES) of Cyprus in 2018 was 2218 ktoe, which is

similar to the value before the oil crisis. The trend of TPES is represented by the
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following chart [10]:
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Figure 1: Cyprus' TPES [ktoe] [10].

The TPES peak value was in 2008 (2584 ktoe), followed by a steady decrease,
bottoming out in 2013. The trend then reversed, with a steady increase in Oil and
Renewable energies which has continued up to the present date. Cyprus’s energy
sources consist principally of oil (91%), while Biofuels and waste (3.7%),
Renewable Energies (4.7%) and Coal (0.6%) account for the remaining percentage.
The key challenge for Cyprus is, therefore, to reverse its high dependency on fossil
fuels and it 1s crucial for the country to develop both its hydrocarbon (discovering
and tapping Exclusive Economic Zone — EZZ - reserves [11]) and renewable

encergy sources.

Cyprus’s total final consumption (TFC) amounted to 1565 ktoe in 2018. TFC
accounts for around 70% of TPES; the residual part is transformed by the power
generation sector to produce electrical energy. The TFC trend is almost similar to
that of TPES, thus showing the close interdependency between these two indicators,

as can be seen in the following chart [10]:
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Figure 2: Cyprus' TFC by sector [ktoe] [10].

The transport sector and other sectors (such as Agriculture, Commercial & Public
Services, and Households) constitute the largest consuming sector with 43% and
41% of the TFC respectively, whereas only 16% is consumed by the Industrial
Sector. The main fuel used is the oil at 65%, while electricity accounts for 25%.
The remaining part is supplied by Renewable energies (including Biofuels and

Waste) and coal. This situation is clear in the next chart [10]:
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Figure 3: Cyprus' TFC by source [ktoe] [10].
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The production from domestic sources is not sufficient to meet this demand because
it contributes only to 144.7 ktoe, which is mainly generated by renewable sources
and Biofuels [12]. As a matter of fact, the country imports the equivalent of 2712
ktoe, 97% of which is based on Oil and petroleum products, while the tiny
remaining part comes from renewable sources, other fossil fuels and non-renewable

waste. The following graphs illustrate this [10]:

o T T T T T T
1990 1992 1994 1986 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Figure 4: Cyprus' Net Imports [10].

. | 1 | I
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Figure 5: Imports and Exports of Oil in Cyprus [10].
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In the light of these data, it is clear that the Republic of Cyprus (ROC) is highly
dependent on the international energy market, thus in the recent years ROC has
pushed for a greater exploitation of renewable resources. Since the electricity
cannot be imported to Cyprus in the immediate future, the country’s present demand
is being faced by its internal production, which, as mentioned above, largely relies
on oil-fired power plants by 91%, whereas 9% is obtained from green energy

sources (Solar plants, Wind farms and Biofuels):

Ol

© Ol ® SolarP¥  © Biofuels ® Wind

Figure 6: Electricity production by fuel in Cyprus [GWh] [10].

Since 2007 the amount of ‘“clean” electricity production has grown as a
consequence of the 2020 Climate & Energy target, whereas electricity produced by
Oil-fired power plants decreased from 2010, due to the Cypriot economic crisis (see
the next paragraph), until 2013, when values began to steadily increase. In 2017, at
least 435 GWh of electricity was produced by low-carbon electricity generation
systems: in detail 172 GWh by Solar PV, 211 GWh by Wind Farms and 52 GWh
by Biofuels. Solar PV and Wind Farm production has also increased since 2010,
(apart from a brutal arrest in 2013) whereas Biofuels steadily increased until 2011

after which production levelled out [10]:
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Figure 7: Low-carbon electricity generation by source in Cyprus [GWh] [10].
Within the Reference Energy System of ROC, the Solar Hot Water (SHW)

Technologies must be taken into account, considering their high heat production
and therefore the great savings they offer in terms of CO; emissions. As a matter of
fact, it is estimated that the number of SWHs installed in Cyprus exceeds 80,000
units for residential buildings, consisting of the thermo-syphon type or the forced
circulation type. This number of units represents around 96% of the total installed
collector area in Cyprus (560,000 m?). Indeed, 70% of the households in Cyprus
have a SHW system installed. [13].

Another important indicator of the performance of the national energy system is a
country’s energy intensity defined by the ratio between the energy supply and the
gross domestic product measured at purchasing parity. It indicates how much
energy is used in order to produce one unit of economic output. As shown in the
following graph, since 2005 the energy intensity of Cyprus has been decreasing,
which means that less energy is being used to produce one economic unit. This
trend is a consequence of the development of new technologies and thus to the

improvement in energy efficiency of the systems used [14]:
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Figure 8: Cyprus' Energy Intensity [MJ/$2011] [14].

As mentioned above, in 2010 the Cypriot economy found itself facing an important

crisis that caused a fall in its GDP, as portrayed in the next chart [14]:
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Figure 9: Cyprus’ GDP (current USS) [14].
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Finally, in order to globally assess the Energy panorama of Cyprus, the Energy
Trilemma can be used. It is a concept that pools three different core dimensions
- regarding environment sustainability,

@;-;Eéi’.”:““ energy security and energy equity.

The Republic of Cyprus is ranked 54™
out of 120 countries in a special

ranking which explains how well a

country manages the trade-offs of the

R Trilemma, with "A" corresponding to
SCOI:G.': ‘32."“]00

— the best mark. Here the Security grade
@Score: 68/100 ' e

is D due to the low diversity and weak
Figure 10: Cyprus’ Energy Trilemma [15].  energy  independence,  whereas
Environmental sustainability and Energy equity are grade B, due to the increasing

share of green energies and high access to electricity [15].

2019 Performance Trend 2010-19
Energy security @
Import dependence ——— A
Diversity of electricity generation — A
Energy storage —— A
Energy equity @
Access to electricity >
Electricity prices
Gasoline and diesel prices >
Environmental sustainability L]
Final energy intensity A
Low carbon electricity generation — A
CO2 emissions per capita ————— A
Country context o
Macroeconomic stability
Effectiveness of government ————— v
Innovation capability e A

Figure 11: Performances in the three core dimensions of the Energy Trilemma [15].
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2. Solar Energy

Solar Energy is the energy related to the solar radiation that is exploited by a variety
of constantly evolving technologies, such as solar heating, photovoltaics, solar
thermal energy, solar architecture and molten salt power plants. It may be the most
promising energy source on Earth, with 174 PW of annual incoming solar radiation
in the upper atmosphere. 51% of this amount reaches the ground and oceans, while
roughly 35% is reflected back into space and 14% is absorbed by the atmosphere
[16].

Radiated to Radiated
Incoming Reflected by Reflected Reflected by space from from earth
Solar atmosphere by clouds earth's surface atmosphere to space
10 35 7 116 10

179 PW

33 I
Absorbed by
atomosphere Radiation
absorbed
by

Absorbed by the air 5 atmosphere

12

Conduction
Latent heat in
water vapor

89 PW absorbed by land and oceans

Figure 12: How the Solar Energy reaches the Earth's Surface [16].

In the visible light range (400 to 700 nm), the atmosphere is mostly transparent,
whereas it is opaque to IR radiation. This stabilizes the Earth’s medium temperature
at 20 °C. The recapture of radiation on the Earth causes a temperature increase. This
happens, for instance, because of the growing amount of greenhouse gases emitted
into the atmosphere, which increases its capacity to recapture the radiation which

ought to be reflected back into the universe [17].
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Figure 13: Solar spectrum [17].

The yellow shading represents the solar radiation reaching the top levels of the
atmosphere before absorption and scattering. The red colour represents the radiation
that eventually impinges on the Earth’s surface, which is a substantial amount. This
potential resource cannot be fully exploited by humans due to a set of factors

including:

e Time variation: During the night, obviously any solar radiation cannot be

absorbed. It limits the capability of the solar panels to absorb in one day.

e C(Cloud cover/Weather: It can affect because clouds are able to block the

incoming light from the sun (5" Chapter).

e Land availability: Only a certain area are suitable for the installation of solar

panels. Obviously, the solar plants can’t be installed everywhere.

e Seasonal variations: It affects hardly the daytime length during a year.

2.1 Solar Technologies

Solar technologies are systems transform solar energy for different uses. They can
be ranked from different points of view: they can be active or passive systems
depending on the way they capture, convert and distribute sunlight. Active solar

technologies are photovoltaic, concentrated solar power and solar thermal
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collectors to convert sunlight into useful outputs whereas passive solar technologies
(such as selecting materials with advantageous thermal properties, designing spaces
that naturally circulate air and referencing the position of a building to the Sun) are
employed to optimize the energy consumption of a user. To be more precise, the
active ones represent different ways in order to produce energy from a solar source
as a supply side technology, while passive ones are considered demand side
technologies. From the active solar technology perspective, the sunlight can be

processed in two useful energies, which are thermal and electrical one.

2.1.1 Solar Thermal Technology

Solar Thermal Technologies convert the solar radiation to thermal energy, which
can be used to heat fluid for micro-, meso- or macroscale energy users or can be
post-processed in a connected cycle for electricity generation. Solar thermal
collectors are classified as low-, medium-, or high-temperature collectors. Low-
temperature collectors are unglazed and are used to heat swimming pools or to heat
ventilation air, therefore they are generally designed for micro-scale energy
systems. Medium-temperature collectors are usually flat plates but are used for
heating water or air for residential and commercial uses. High-temperature
collectors concentrate sunlight using mirrors or lenses and operate at temperatures
higher than 150°C and to pressure level reaching 20 bar (or higher depending on

HTF) in industries and for electric power production (CSP).

2.1.2 Solar Power Technology

Solar Power Technology is a particular system that is able to convert solar energy
into electricity, either directly with PV systems or indirectly using CSP technologies
(to be discussed later). Solar Power Technology is predicted to be the system which
will contribute most to energy production in 2050, covering 27% of worldwide
electricity consumption [10]. Many industrialized nations have chosen to install
significant solar power capacities into their grids to ensure an alternative to

conventional energy sources, while an increasing number of developing nations
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have turned to solar energy to reduce their dependence on expensive imported fuels.
PV systems directly produce electricity in DC and their power is dependent on
sunlight intensity. Different solar cells are combined together within modules,
which are connected in series by strings. Multiple strings are linked in parallel
coupling in order to create an array. PV plants require inverter for providing

electricity in AC with a specific frequency.
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3. Concentrating Solar

Technologies

The Concentrated Solar Technology harnesses the Solar Energy, concentrating it
on a line/point receiver with the aim of generating thermal energy or electricity. The

overall energetic conversion can be divided into two steps:

e Firstly, direct sunlight is exploited by concentrating it into a focal point or
line (Point Concentration or Linear Concentration), where a HTF (Heat
Transfer Fluid) passes and receives the thermal energy of the concentrated
sunlight. The HTF can be synthetic oil, molten salts, air, particles, COx... or

simply water.

e Finally, if the plant is designed for power generation (CSP), via either Steam
Rankine Cycle (or Organic Rankine Cycle) or Brayton Cycle, the thermal
energy feeds a turbine for the electricity generation. For some of CSTs
systems (e.g. Solar Parabolic Dish), the possible conversion from Solar
Energy to Electricity could be done directly through Stirling engines (cf.
3.1.3 Solar Parabolic Dish SPD).

This procedure is consequently completely different from a traditional
thermoelectric power station since its thermal source is provided by the Sun. CSP
systems can only benefit from the direct beam radiation and these systems are
therefore best suited to regions with a high percentage of clear sky days and where
a very high DNI can be measured. In the next picture, World DNI map is presented
[18]:
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Figure 14: World's DNI map [18].
As it can be seen in the previous figure, the most suitable places for CSP
installations are the western area of North America, the south-west of the South
America (Andean plateau), the southern area of the Africa, Gobi Desert, Tibet and
Australia. In Cyprus the situation is quite good, especially in Nicosia where the
compact linear Fresnel reflector (CLFR) of the present study is located. Here the
estimated annual DNI is between 2,045 and 2,191 kWh/m? thanks to Solargis
method based on long-term average of yearly/daily sum of direct normal irradiation
(DNI) from atmospheric and satellite data with 10, 15 or 30-minute time step. This

can be visualized in the next figure [18]:
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Figure 15: Cyprus' DNI map [18].
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A CSP system, if coupled with a thermal storage unit, is able to produce electricity
when there is no sunlight due to time variations or bad weather conditions.
Considering aspects such as the electricity dispatching as well as the possible
disequilibrium between energy produced and consumed into an electrical grid, the
opportunity of coupling the system with a storage system could be interesting. The
thermal energy storage can rely either in the form of sensible heat or as latent heat,
using Phase-change material (PCM). As discussed before, there are two ways to

concentrate the direct sunlight:

e Linear Focus Collectors such as the Parabolic Trough and Linear Fresnel

Collectors.
e Point Focus Collectors such as the Parabolic Dish and Solar Power Tower.

CSP is often compared to photovoltaic solar power (PV) since they both use solar
energy to produce electricity. While solar PV has grown immensely in recent years
due to falling prices, Solar CSP growth has been slowed due to technical difficulties
and high investment costs. Nonetheless, CSP systems are the study focus of several
research activities all over the world whose aim is to improve its components and
make them economically viable. In fact, although there are zero fuel costs,
acquiring the CSP technology itself normally requires a significant initial capital
investment. In 2017, CSP represented less than 2% of the worldwide installed
capacity of solar electricity plants. In 2008, CSP Technology had a global installed
electric capacity of 5,500 MW. Almost an half of that capacity (2,300 MW) is
installed in Spain, followed by the United States with 1740 MW [19].

3.1 Types of CSP systems

CSP technologies include four optical types, specifically parabolic trough collectors
(PTC), solar parabolic dishes (SPD), compact linear Fresnel reflector (CLFR), and
solar power tower (SPT). These technologies can be classified by their
Concentration Factor. This is a ratio that renders how an incident energy flux I is
focused on the receiver surface with a flux I,.; This definition is easily understood

with the following figure [20]:
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Figure 16: Schematic representation of light
concentration process [20)].

This parameter can be obtained by two different ways:

e Geometric Concentration Ratio Cgye,: Defined simply as the ratio between

A, Area of Aperture over A, Area of the Receiver. In most cases, a uniform
radiation flux does not occur over the aperture. Therefore, this ratio is
global. The resulting unit is usually referred to as the number of suns

reproduced.

e Optical Concentration Ratio Cy,;;: More widely used than the previous one
and more precise, it is defined as the ratio between the energy flux ratio at
the aperture and at the receiver. It can be equal to the geometric ratio if the
insolation (energy flux over the aperture) and irradiance (energy flux over

the receiver) fluxes are uniform on those areas [20].

Linear focus collectors achieve medium concentration (>25 suns), and point focus
collectors achieve higher concentration (>500 suns) factors. These values are far
below from the theoretical ones, which relies on, for linear and point concentrations,
215 and 46248 suns respectively [21]. According to their tracking, the different
types of concentrators produce different peak temperatures and correspondingly
varying thermodynamic efficiencies. In the next paragraphs, three different CSP
technologies are described, while the Linear Fresnel Reflector will be discussed in

the next chapter.

33



3.1.1 Parabolic Trough Collector

The parabolic trough collector is the

most widespread of the CSP

/ sumigne.  technologies. It consists in a series of
\//2 \P—aiue'rays parabolic U-shaped reflectors that
9 focus the solar direct beam onto a

Parabolic Reflector

linear receiver located at the

” Collector Tube:
At focal point
of parabola;

contains aligned to the North-South direction

collector-loop fluid

reflector's focal line, which could be

Figure 17: Parabolic Trough Collector [22]. but generally an East-West one is

preferred for a better yield. The
receiver enclosing the absorber is a tube positioned directly above the middle of the
parabolic mirror and filled with a working fluid, which could be oil, molten salt or
another material. To improve that task, the receiver is coloured in order to achieve
maximum absorption of the solar irradiation and a reduction in heat losses. A
tracking system allows the primary optic to be constantly aligned in the direction of
the sun. Depending upon different parameters (such as the concentration ratio, solar
intensity and working fluid flow rate), the temperature of the working fluid can
reach almost 400-600°C. Among the various solar harvesting technologies, this
system ensures the best land use. Some parabolic-trough plants use a fossil fuel
based back-up to supplement energy production during low solar radiation, and
often the trough system can be integrated into a conventional natural-gas-fired or
coal-fired plant. Compared to other CSP technologies, the parabolic-trough system

is the most advanced with its nominal power of 15-100 MW at solar-to-electric

conversion efficiency of 14-16% [22].
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3.1.2 Solar Power-Tower (SPT) / Central Receiver

SPTs are CSP power generation systems that use a field of flat mirrors (heliostats)
to reflect sunlight onto a solar receiver, usually placed on top of a central tower,
although sometimes there are multi-towers as for example in the Ivanpah Solar
Power Facility (California, USA) which, connected to the grid in September 2013,
has a gross capacity of 392 MW [23]. The field can be composed of several
thousands of heliostats, which have the task of maintaining the targeting from
sunrise to sunset. The tracking of the heliostats is based on two possible strategies

[24]:

e Spinning-Elevation Tracking: One of the two axes (Spinning axis) of the
Heliostat points towards the target, whereas the other axis (Elevation axis)

is perpendicular to the previous one and tangent to the heliostat frame.

e Azimuth-Elevation Tracking: One of the two axes (Azimuth axis) of the
Heliostat points towards the zenith, while the other axis (Elevation axis) is

perpendicular to the previous one and tangent to the heliostat frame.

The strong solar flux

_ Powerlines ) Recaivar
! Steam

.-: o = condenser ek 1mp1ng1ng the receiver (200
kW/m2-1000 kW/m?) offers
L the possibility to achieve a

high working temperature, to

work at better efficiency, due

to high exergy. The objective

Heliostals o a0
A y

of SPTs is to produce high-

Figure 18: Example of a Steam Solar Power Tower [22]. temperature thermal

energy, which could be used for industrial applications, like solar chemistry, or
simply for the production of electricity by the conventional cycle. Such plants
may operate with molten salts, supercritical CO2, liquid sodium or air as the
working fluid. In a steam SPT, like the Ivanpah Solar Power Facility, water is
forced onto the receiver in order to be heated up over 500°C: a part of this is
stored in a heat storage drum, whereas the majority is used to drive a turbine for
electricity production. The stored heat is used in order to continue electricity
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production to overcome short-term solar intermittency.

Figure 19: Solar Power Tower [22].

In an SPT with molten salt, the process is different, because two different cycles are
present. The cold molten salt (290°C) is pumped to the receiver where it is warmed
up by concentrated solar energy via the receiver. After reaching a temperature of
around 565°C, it is sent to the hot storage tank. The hot salts then flow inside the
heat exchangers to transfer their thermal energy into the water-steam cycle
(Rankine Cycle) for electricity generation. The cooled salts are stored in a cold
storage unit before being pumped again to the receiver again. Within the Rankine
Steam Generator, the water obtained from the condenser is able to begin again the
cycle from the heat exchanger with the hot salts [22]. An example of an SPT facility
with molten salt is the Pentakomo Field Facility (PFF) located at the south coast of
Cyprus where a cogeneration of electricity and desalinated seawater is obtained.
The plant contains a heliostat central receiver system, thermal energy storage in
molten salts, a Rankine Cycle for electricity production and finally a Multiple Effect
Distillation (MED) unit for desalination. In this facility, the steam is generated in a
single tank as opposed to the usual two-tank configuration. The diagram below
shows a simplified structure, which helps to understand how the desalinated water

and electricity are achieved:
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Figure 20: Schematic representation of the energy flow in PFF [25].

The heliostat field is composed of 50 heliostats with a 5 m? area for each one. With
a reflectivity of 93%, they are able to follow the position of the sun with a proper
two-axis (spinning-elevation) tracking device. The central receiver, which is
located on a 14 m tower, is a cavity type receiver with a circular aperture of 0.8 m.
The concentrated solar radiation generated by the reflection of the heliostat field is
centred into the internal surface of the receiver, which includes four cavities in order
to improve on the one hand the “capturing efficiency” of the receiver and on the
other the performance of the heat transfer between the absorber and working fluid.
To exploit heat losses, the hot air produced in the cavity of the receiver is used to
pre-heat the seawater of the MED desalination unit. The hot molten salts are
channelled to a thermal energy storage (TES). Therefore, in that plant, the molten
salts are used not only as a working fluid but also as a thermal storage medium too,
thanks to their thermic and chemical characteristics and, to avoid their solidification
in case of low temperatures, five electrical heaters are installed. With temperature
up to 570°C, the capacity of the TES is around 0.6 MWh. As discussed before,
within the TES an immersed coil type heat exchanger connected to a water cycle is
utilized for electricity production and water desalination [25]. The entire process

can be visualized in the next picture:
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Figure 21: Structure of PFF's Cogeneration Power Plant. (1) Heliostat Field, (2)
Receiver, (3) Thermal Energy Storage, (4) Rankine Cycle and (5) MED desalination
unit [25].

3.1.3 Solar Parabolic Dish (SPD) System

The Solar Parabolic Dish relies on a parabolic
point-focusing concentrator in the form of a dish
that is able to concentrate the solar radiation onto
a receiver mounted at the focal point. The
. different mirrors are installed in a structure with a
dual-axis (usually azimuth-elevation) tracking

system, which is one of the most important

~ advantages of these CSP technologies because it
allows the system to be directly aimed at the sun
and therefore not to suffer from cosine losses, as occurs with PTC and SPT. To
obtain higher values of reflectance (90-94%), a percentage of iron must be added
to the glass-silver surface to the back of the glass. With a diameter varying from 5
to 10 m and therefore with a surface area of 40-120 m?, the SPDs are able to
generate between 0.01-0.5 MW of electricity power. At the focal point, due to the
high concentration, the temperature and the pressure of the working fluid can reach
respectively 700°C-750°C and 200 bar, respectively. A Stirling engine is usually
installed in this position in these technologies, because it permits a very high solar-

to-electric conversion efficiency, specifically around 25% and 30%. The Stirling
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Engine is a system that allows the net conversion of the heat energy to mechanical
work, operating the cyclic compression and expansion of working fluid at different
temperatures. Despite the lack of thermal storage, SPDs are wide-spread solar

technologies, thanks to their various characteristics:
e High conversion efficiency.
e Easy to install.
e Opportunity to reduce costs with large scale production [22].

An example of such a system is the SG4, the world’s biggest solar power dish with
its 494 m? of aperture area. Constructed in 2009, the plant is the result of a design
mission aimed at minimizing of the instalment cost and technical risks and at the
same time optimizating of its reliability. Its peak concentration reaches a value of

14,000 suns [26].
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4. Linear Fresnel Reflector

Linear Fresnel Collectors (LFC) or
Linear Fresnel Reflectors (LFR)
[27] are an extensive type of CSP
technologies for a broad set of
applications, of temperature heat
processing, air-conditioning,

electricity or power generation. It is

different from PTC since the sun

Figure 23: Example of LFR [27].

rays reaching the receiver are
reflected by almost flat mirrors placed in parallel rows. An LFR system is basically
made up of primary mirrors, which are managed by a tracking mechanism
considering the sun position and a fixed receiver, where the reflected sunlight
absorbs thermal energy and it is transferred to a working fluid. The receiver could
be equipped with a secondary optic (cf. Paragraphs 4.3.1 and 4.3.2) to recover the
reflected sunlight otherwise lost due to spillage or tracking errors. It may be
positioned between 5 and 10 m above the primary optic, which is set at a low height
to reduce the wind load. Therefore, thanks to its potential light weight and low wind
load, an LFR can be installed on a roof for air conditioning-purposes at low
operating temperatures (starting from 150°C) with a low thermal capacity (starting
from 50 kW), as is the case at the Cyprus Institute. LFR technology can also be
used for electricity generation, at a temperature beyond 400°C and with an higher

thermal power capacity (>1 MW) [28].
4.1 LFR Main Applications.

LFR systems can operate at a wide range of outlet temperatures usually correlated
to the reflector dimensions, giving the opportunity to use them for a number of

applications.
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4.1.1 Power Generation Applications

Only a minority of installed LFR
plants are involved in power
generation, but in future this may
be considered the most important
application thanks to the high

number of research studies in this

field. There are various

Figure 24: Dunhuang Dacheng 50 MW Molten Salt LFR [29]. examples  of LFR  plants
installed for power generation purposes. One of them is the Dunhuang Dacheng
50MW Molten Salt Linear Fresnel CSP, which was connected to the grid on
December 31% of 2019. This was the first demonstration CSP plant with LFR in
China. Unlike to the usual HTF used in LFR, this plant relies on molten salts that
transfer heat to a Steam Rankine Cycle to generate electricity via a 50 MW Turbine.
A thermal energy storage system can store energy for 13 hours [29] [30]. The
Puerto Errado 2 LFR power plant, which was constructed by the German company
Novatec Solar, has been in operation since August 2012. It can produce 49 GWhe
yearly with an electric generation capacity of 30 MW and an aperture area of
302,000 m?* divided into 28 rows. In contrast with the Chinese plant, the electricity

is produced using water, as the HTF is directly channelled to a Steam Rankine Cycle

[31][32].
4.1.2 Thermal Applications

Generally speaking, the LFR
plants are built for thermal
power production in two main

applications: Heat processing,

and solar air-conditioning.

Heat-processing refers to the

solar supply of heat to industrial

Figure 25: LFR plant installed in Sardinia for Heat processes. One example 1S

processing for a cheese industry [33 /. located in Sardinia (I taly) where

41



there is an LFR with a yearly thermal output of 600 MWh. It supports a cheese
industry saving 150 ton of CO; emissions and 50,000 litres of gas oil every year
[33]. Whereas, for the other thermal
applications, an example is the LFR
in Johannesburg (South Africa),
which, with its 242 solar mirrors

covering a total area of 484 m?, is

able to feed an absorption chiller
Figure 26: LFR plant installed in Johannesburg for . .

cooling purposes R with pressurized water at 180 °C.

Peak cooling capacity is 330 kW [34]. In the next paragraph, the plant, which is the

main subject of this report, is presented.

4.1.3 Linear Fresnel facility at Cyprus Institute

The solar Fresnel facility,
which is the main subject of
this report, is located on the
roof of a building close to the
Novel Technologies
Laboratory (NTL) building
of The Cyprus Institute. It is

one of the four demonstrative

plants developed within the

Figure 27: LFR placed at The Cyprus Institute [ 3 6].

framework of the Small scale
Thermal Solar district units for Mediterranean communities (STS-Med) project
[35]. The three other pilot plants are located in Italy, Egypt and Jordan. The spirit
behind the project was to develop multi-generative small scale concentration
systems for the built environment: heating, cooling, electricity and thermal storage
adapted to local needs. Although different designs were used for the four plants, the
main objective shared all of them is the cooling, which is understandable in view of
the geographical position of the four sites. Specifically, in the Cyprus case the
facility is mostly exploited to support the cooling demand of the NTL building of
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the Cyprus Institute during the summer. In winter the system is utilized to supply
hot water and space heating. The Cypriot Fresnel collector is made up of 18 parallel
North-South aligned rows of 16 mirrors (0.32m x 2m) with a total reflective area of
184.32 m?. They are driven by 72 motors (4 mitrors per motor) supported by
magnetic encoders to control their actual position with an accuracy of 0.1°. The
absorber, placed at 3.5 m above the mirrors, is 32 m long and includes 8 tubes
connected in series. It contains an inner steel pipe called absorber, where the HTF
flows, and an outer vacuum glass pipe, employed as a thermal insulation. Its
transparency ensures the high transmittance of the reflected sunlight from the
reflectors. A small tank of HTF is embedded in the loop in order to buffer the
temperatures and as it is wrapped around with electric heaters, it allows the
preheating of the oil. The 2 m? thermal storage system operates with pressurized
water. Moreover, it includes a nitrogen expansion vessel to pressurize both HTF
(up to 1 barg) and water (up to 5 barg) loops. A third loop of water sends the thermal
energy to an absorption chiller and the HVAC (Heating, Ventilation and Air
Conditioning). The thermal COP of the absorption chiller is 0.7, with a nominal
cooling capacity of 35 kW. As discussed above, the system may be used in winter
to supply the space heating system of the NTL building bypassing the absorption
chiller and therefore heating two stratified water tanks of 2000 L each one [36]. The

entire process is summarized by the next figure:

Cooling

Thermal oil tower

Fresnel collector Thermal storage Absorption chiller Novel Technologies Laboratory

Figure 28: Layout of the entire process placed at The Cyprus Institute [. 3 6]
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4.2 Components of an LFR

The constant search for cheaper solutions in the solar energy field has led to a
greater interest in LFR technology in recent years. As discussed earlier, one of the
most important differences from PTC technology is the independence between the
primary reflector and the receiver, which allows a higher exploitation of the
working fluid with high temperature levels and a larger mass flow-rate. Indeed the
absorber is fixed, unlike the PTC, where the absorber rotates. The tracking system
of the mirrors, which could be oriented in a North-South or East-West alignment,
is optimized in order to reflect the direct solar rays into the receiver during the
daytime. The orientation of the field is important since if it is N-S oriented based
the different shading losses (discussed later) vary significantly during the day,
whereas with an E-W orientation the shading losses change considerably during the

year [37]. The reflection of sunshine works as shown in the next picture [38]:
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Figure 29: How a tracking system of LFR
works [38].

The main components of a Linear Fresnel Reflector are the following:
e Primary Reflector.
e Tracking system.

e Receiver.
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4.2.1 Primary Reflector

The primary reflector (or optic) is one of the main components of the LFR since it
enables the sunrays to reach the receiver. It is composed of several parallel rows of
mirrors, which, thanks to the action of a single axis tracking system (the axis of
rotation is parallel to the receiver), track the sun. In most LFR systems, the primary
reflector and the receiver are aligned in a North-South direction. The mirrors of the
primary reflector could be considered flat, but they are instead moderately curved.
The linear Fresnel reflector technology receives its name from the work on optics
developed by the French physicist Augustin-Jean Fresnel notably for lighthouses in
the 18" century. The principle of the lens developed in lighthouses consisted of
multi-faceting of a thick convex glass into an array of thin flat surfaces. In an
analogous way, a linear Fresnel mirror can be constructed substituting a parabolic

trough by linear parallel segments. Here the very similar performances can be seen:

Figure 30: Parabolical Mirror vs Fresnel Mirror [28].
Based on the previous consideration, the focus line of a LFR mirror is the absorber.
The nominal capacity of a collector is a function of its reflective area [28]. The
collection of the direct sunlight onto the absorber is not perfect. Hence, different
optical losses can be found along the process from the DNI up to the aperture of the

secondary optic.
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There are main three different types of optical losses:
e Blocking losses: they occur when sunrays partially impinge a nearby mirror.

e Shading losses: they occur when a mirror is shaded partially by a nearby

mirror, hindering the direct solar radiation from reaching the mirror.

e (osine losses: due to the angle between the sun, the mirrors and the

absorber, spillage occurs unlike for Dish technology as described before.

These losses are depicted here:
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Figure 31: Optical losses of the mirror [28].

As illustrated, there are two types of cosine losses according to the transversal or
longitudinal point of view. As a result, perpendicularly to the receiver direction, the
transversal losses are referred to the angle 8 which is formed between the zenith
and the sunrays projected onto the transversal plane. They could be easily accounted
for by considering the Area A defined as the normal surface of the sun rays which
hit the mirror. Thereby the orthogonal area A; to the beams is smaller than the area
Awm of the mirror due the angle with the sun. This is not the case with PTC nor SPD
because on the transversal plane, mirrors directly track the sun. In the same way,

the longitudinal losses are defined considering the angle 6; between the apparent
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Transversal

angular height of the sun and the zenith. One way to reduce these latter losses could
be by minimizing the height of the receiver or the extension of the length of the
receiver. Their impact on the optical performance is described in Chapters 6 and 7

[28].

Longitudinal wirors

|

Figure 32: Longitudinal and transversal axis of a LFR [28].

On top of these losses, there are practical losses related to the material and structure
of the mirrors. Specifically, the mirrors are not perfect since they present a
roughness which modifies the pathway of the reflected sunlight (diffuse reflection
not fully specular), therefore it could be a cause of focusing out of the absorber

(spillage losses).

h b) Effect of roughness

a) Perfect reflection

Figure 33: Difference in the actions of a perfect mirror against to an imperfect one [28].

Another issue is related to the materials, which compose a mirror. Considering that,
the role of a mirror is to reflect the utmost sunlight received, its components must
be selected accurately. The behaviour of a mirror with the incident solar radiation
(for a given wavelength A and angle of incidence ) can be summarized by the

following equation:

Tr(A,60) + Abs(1,0) + Ref(1,0) =1
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Where:
e Tris related to the transmittance of the glass.
e Abs refers to the absorptance of the glass.
e Ref'is the reflectivity of the mirror.

The reflectivity must be maximized close to 1 (in the studied case it is equal to
0.924) in order to reduce the transmittance and absorption. In particular, two
materials are combined such as a glass with high transmittance and a material with
high reflectivity [28]. Many parameters are considered in the design phase of a

primary reflector, such as:

e Width for each row: If on the one hand it must not be too narrow because it
could mean a higher number of rows (higher costs due to more gears), on
the other, if it is too wide the plant’s optical efficiency could be decreased
since the sunlight cannot be easily reflected from the last rows. If the width
is small, the solar energy captured could be inadequate, whereas in the
opposite situation the external rows could have a very low optical efficiency.
In a collector with fixed parameters (Tube diameter of 7.5 cm, width mirror
of 50 cm and height of the receiver of 7.5 m) the following results in terms

of costs per kWe produced by varying the number of rows are obtained [39]:
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Figure 34: Costs per kWe produced as a function of the number of rows [39].

48



The lowest cost is obtained with a number of rows of 36 with a sigma of

2.32 mrad which refers to the quality of the mirror.

e The gap between rows: It must not be too large or too small because this can
lead to a greater width of the collector (not appropriate in view of the

previous consideration) and shading and blocking effects, respectively [39].
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Figure 35: Costs per kWe produced as a function of the gap between rows [39].
e Focus length of the mirrors: It should be very similar to the distance of the
mirror from the receiver. Therefore, as discussed in the previous paragraphs

even a mild deviation may lead to spillage or local overheating [39].
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Figure 36: Costs per kWe as a function of the ratio between Focus Length of the
mirrors composing a row and its distance from the receiver [39].

4.2.2 Tracking system

The tracking system is another component required within an LFR plant since it
enables the tracking of the apparent movement of the sun and therefore, as discussed
before, to reduce the different possible optical losses, specifically cosine losses.
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Behind the action of the tracking system (by motors), a close loop method is used.
It is able to compare after discretization the actual tracking position with the ideal
continuous tracking one, therefore if the difference is higher than a fixed value, the
mirrors must rotate in order to pursue the motion of the sun in the sky vault. This
method is not a perfect one since it relies on a discretized rotation of the mirrors
while the solar shift is continuous. There are different types of tracking systems in
LFR plants based on the mutualisation of motors. Specifically, either the rows of
mirrors are mechanically independent with one motor per row or they are dependent
with one motor for a bundle of or a whole set of rows. The first configuration is
economically the most expensive but it enables the independence of the mirrors,
making cleaning and maintenance easier. The second strategy one is the cheaper
one, but if a motor breaks this will lead to shutdown of the plant and mirrors cannot

all be flipped together into the same position for cleaning purposes [28].
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Figure 37: Possible solutions of a tracking system in a LFR plant [28].

4.2.3 Receiver

Above the primary reflector the receiver is placed in the longitudinal direction of
the field with the aim of heating up the working fluid. In the most of cases, absorbers
are topped with a secondary optic, which is able to redirect the spare solar beams.
This is done in order to increase the harvesting by the absorber and to distribute the
concentration onto it. Related to a single tubular absorber, the secondary optic may
be a U-shaped mirror or a Compound Parabolic Collector (CPC).
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Figure 38: Two possible shape of Secondary Optic [28].

It leads to a lower heat transfer towards the environment since it reduces the forced
convection losses and especially the radiative ones as the view factor to the sky
vault is limited. A glass vacuum pipe is often installed around the absorber, in order
to insulate it. To increase its efficiency, a special coating is applied to enhance the
transmittance to the solar spectrum while decreasing reflectivity. The vacuum cuts

down the heat conduction losses down [28].
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Figure 39: How a vacuum glass tube behaves in terms of heat transfer [28].

Radiation heat
losses

The most important part of the receiver is the absorber pipe, which is where the heat
received from reflected sunlight is transferred to the working fluid (pressurized
water, mineral oil, molten salts...). In most cases, pressurized water is used.
Sometimes water is also used for steam generation. The absorber is coated in a
special way in order to increase the absorption of low wavelength radiation and to
decrease its emission in the infrared region. Absorbers have to withstand high
temperatures and, thus, high-pressure levels. The operation of an LFR is usually

characterized by the ISO9806 equation as [28]:
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ATyrr
dt

q.ubs
Aref

= Nopt * 1AM (8r,6,) * Gy + Nopt,o * KaGq — €1 * (Ture = Tamp) = €1 * (Tyre — Tamp)* — €5 *

® Topt 1s the global optical efficiency of the reflector,
® A,y is the aperture area of the reflector,

e G, (Wm?)isthe DNI,

o K, is the IAM for diffuse irradiation (Kd=0),

e Gy (W-m?)diffuse irradiation,

e ¢; (Wm?2K") is the linear heat loss coefficient,

e ¢, (Wm?2K?)is the quadratic heat loss coefficient,
e ¢ (J-m?2K1)is effective thermal capacity.

With the previous formula, the thermal power produced by the collector and then
absorbed by the working fluid is defined by the sum of heat gains related to direct
sunlight evaluated with the optical efficiency of the primary reflector and IAM
Incident Angle Modifier (which will be discussed in the next chapters) and thermal

losses.

4.3 Plants modelled within Tonatiuh

4.3.1 Existing LFR Plant

A model of the Fresnel Facility installed at The Cyprus Institute was designed using
Tonatiuh (cf. Appendix). All the optically important components of the facility
were implemented within the software following the same scales: mirrors, absorber,
secondary optic and all shading components such as beams, cover, inlet and outlet
tube. All these elements were developed taking into account the optical and
geometrical characteristics of the components and also the tracking motion of the
mirrors. In the following tables the main important parameters for the design of the

existing LFR are presented:
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Primary Reflector
Rows 18
Number of Absorber
Mirrors per Row 8 Radius | 0.035m
i i Length | 32.544 m
Single Mirror 032 x4 m? g
Area
Helght'of Focus 4.27541 m
Line

The plant designed using Tonatiuh is represented in the following picture:

Figure 40: Existing LFR plant created using Tonatiuh viewed from the South.

The receiver is drawn considering all its different parts: Absorber tube, Glass pipes,
Flanges, Secondary Reflector and Cover. The Secondary Reflector is developed on
the basis of a specific equation evaluated by taking data from the datasheet of the

plant (cf. Appendix):
y = 26.294 x* — 21.347 x3 + 8.1425 x? — 1.54 x — 0.0007

In the following image, the receiver is depicted close up:
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Figure 41: Receiver of the existing LFR plant.

More details about the construction of the existing plant are presented in the

Appendix.

4.3.2 LFR Plant with Non-imaging Optics

A second model of the LFR was constructed using Tonatiuh starting from the
existing plant but making some important modifications. To be precise, the
primary reflector was not modified in terms of the focusing of the mirrors or
variations in their dimensions; the main modifications are in the design of the
receiver and therefore on the different parts of the plant (for example beams and
inlet tubes) connected with it. The receiver itself has a different design from the

existing one, as can be seen from the next picture:
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Figure 42: Improved Receiver with Non-imaging Optics.

Instead of one linear absorber tube of 0.035 m radius, there is one U-bent absorber
tube 0of 0.01067 m radius. As the inlet and outlet are located on the same side of the
structure, this reduces structural shading. The common inlet and outlet structure is
placed on the north-facing side of the plant, leaving the south side without any
shading obstacles. It is composed of two symmetric involutes on top and two
macrofocal ellipses (MFE) below in order to reflect the spare solar rays to the two
absorber pipes. The construction is at the same height but takes into consideration
the new size of the receiver. The involutes were constructed using the following

equations [40]:
X(t) =7 (cost+ (t —a)sint)
Y(t) =r (sint — (t — a) cost)
Where:

e tis a specific angle, which in this case it is used for the range of definition

of the Involute,
e ais equal to 90° in our application,
e risthe radius of the pipe.
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Proceeding from the extreme bottom point of the involute, the second part of the

secondary mirror MFE was evaluated considering the following equations [41]:
X(t) =r sind +t cost
Y(t) = —r cos9 +t sind
Where:
e tis aparametric value obtained from the collector’s characteristics.
e risthe radius of the pipe.
e 9 is the range of the angles used for the definition of the MFE shape.

Therefore, thanks to these equations the shape of the secondary mirror was built by
symmetry. Consequently, the cover composed of two oblique sides and one
horizontal side (trapezium), was designed in order to be compact as much as
possible with the new secondary optics. The most important aspect is the focus
height, which is the same as the previous one (4.2751m) but now corresponds to
the aperture centre and not to the height of the absorber. The structural beams have
been adapted to the new cover and aperture. In the next picture, the entire plant with

the optimized receiver is shown:
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Figure 43: LFR plant with optimized receiver with non-Imaging Opftics
viewed from the South.
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5. Direct Solar Energy in Nicosia

This fifth chapter of the thesis describes the incoming solar energy received at the
Cyprus Institute where the LFR plant has been installed, in order to show the
available energy considered as the input for the energy assessment, which will be

performed in Chapter 6.
5.1 Solar Energy Measurement

To assess the solar energy received at a specific place on Earth three different

parameters can be utilized:

e The DNI [W/m?], Direct Normal Irradiance, is the amount of solar radiation
received per unit area by a surface that is always held perpendicular to the

rays that come from the sun at its current position in the sky.

e The DHI [W/m?], Diffuse Horizontal Irradiance, is the radiation at the
Earth's surface from light scattered by the atmosphere. It is measured on a
horizontal surface with radiation coming from all points in the sky excluding

the radiation from the sun’s disk.

e The GHI [W/m?], Global Horizontal Irradiance, is the amount of direct and

diffuse solar radiation received per unit area of an horizontal surface.

As discussed before, for CST installations only DNI is considered, as the diffused
light cannot be concentrated. Therefore, the measurement of DNI is required for
these systems. For that purpose, on the roof of the NTL at The Cyprus Institute a
pyrheliometer has been installed which is able to measure DNI each second,

tracking the path of the sun.

57



Figure 44: LP Pyrheliometer 16 AC placed at The Cyprus Institute.

DNI is represented in the next figure for three different days in 2019 (Winter

Solstice, Summer Solstice, Autumn Equinox):
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Figure 45: DNI plotted during Summer Solstice, Winter Solstice and Autumn Equinox.

While the duration of the day varies through the year, DNI peaks were close. During
the summer solstice, clouds appeared in the afternoon, and the DNI falls to zero.
Although global solar radiation might not have been zero, DNI was so low and CST
technology systems would not work unlike PVs. The amount of energy received at
the Cyprus Institute measured by the pyrheliometer during the entire year 2019 was
1951.4 kWh/m? (the coding script for its calculation is in Appendix “6.1 DNI
Energy Yearly Plot™).
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Figure 46: Daily Solar Energy at The Cyprus Institute.

From the previous chart, it can be observed that in winter incoming solar energy is
lower than in summer, due to the presence of more cloudy days and for a shorter
duration during the days. As expected in Cyprus, the higher density of sunny days
in summer is highlighted by the scarcity of “white gaps”, in contrast with the rest
of the year. The next graph shows the average daily energy available per month

during the year 2019:
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Year 2019

Figure 47: Average Daily Solar Energy per month at the Cyprus Institute.
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Therefore, as suggested by the last chart, the daily average of solar energy achieved
is higher in the summer months than in the winter for the reason discussed above.
In summer, the daily average is less than half of the winter one. Considering the
energy resource available, the next sections will focus on the conversion potential

of this energy by the existing collector and also with potential upgrades.
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6. Method to compute IAM values

using Tonatiuh++

6.1 Incidence Angle Modifiers

From the energy equation in Chapter 4 (cf. 4.2.3 Receiver), the Incidence Angle
Modifier (IAM) indicates the optical efficiency of the facility and therefore it is
possible to evaluate the incoming solar energy that may be absorbed and transferred
to the HTF. The IAMs are factors that are used in order to determine the optical
efficiency of a system for a given position of the sun, accounting for all losses from
the aperture area of the reflector up to the outer surface of the absorber. The IAMs
allow the evaluation of the optical efficiency for a given position of the sun defined
by the transversal angle O; and longitudinal angle 6;. They are defined as the
projections of the solar elevation on the longitudinal plane (north — south axis) and
transversal plane (west — east axis). The global IAM(8;, 1) value is sometimes

approximated by:
IAM(6,,07) = IAM7(0,07) - 1AM, (6,,0) [1]

At zenith, 8, and 81 are equal to 0°. The following figure shows these two angles

for a specific sun position:

Figure 48: Representation of how the sun position could be expressed.
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The optical efficiency 1,y 18 reached when the sun is at azimuth (6,=67=0°). It

is defined by the ratio:

dinc
= tnc_ 2
nopt,O Gb'Aref [ ]

Where:

®  (inc is incoming power [W] reflected by the primary optic of area A,y and

reaching the absorber outer surface.
e G, is the Direct Normal Irradiance (DNI) [W-m™].

This value approximates the proportion of energy possible to be absorbed,
compared to the energy received by the surface of the mirrors when the sun is at
zenith. Considering that during the day the sun changes its position, IAMs are
needed to understand how the LFR works (or a solar technology in general). One
major aim of this thesis is to study the optical efficiency of the existing facility and
to compare it to the efficiency obtained with the LFR improved with Non-imaging
Optics. Therefore, the IAMs for all possible combinations of angles were
determined with the use of a Monte Carlo ray tracing simulation software,

Tonatiuh++, currently under development at the Cyprus Institute (CyI).

6.2 The Tonatiuh++ Process

The following figure displays the rays sent on the modelled LFR at Cyl with

tracking mirrors:
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Figure 49: General view of the LFR at Cyl with Tonatiuh++ with solar Azimuth of 60° and Elevation of
45°.

To perform the IAMs calculation, the absorber must be studied in terms of the flux
received from the reflection of the primary reflector. On Tonatiuh++, specifically
in the Environmental settings section, DNI is set to 1 W-m™, to permit normalization
in the post-processing, especially for the calculation of 7,y . Therefore, firstly, it
is necessary to evaluate this parameter in order to understand how the system works
at the sun’s zenith position. Once 1, determined, IAM are calculated as the ratio
between the power received on the absorber for a given (6, 07) and the power

received at zenith :

1inc(OL,0T)
1AM (6, — 4inc\YL.5T) 3
(6,,6r) = Lt 13

In the next paragraphs the scripts used in the two plants to deploy the related

calculations are presented.
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6.2.1 Ray Tracing Analysis for the Existing LFR plant (ASB).

Firstly, an introduction to the script written within the coding section of Tonatiuh++
for the optical analysis of the existing LFR plant (As Built, ASB) is presented. The

script includes two different parts. The first one is presented in the next figure:

printTimed("azimuth [deg], elevation[deg], efficiency");
var alpha = 9a;
var gamma = 186@;

var sp = NodeObject().getScene().getPart("world.sun.position™);

sp.setParameter("azimuth", gamma);

sp.setParameter(“elevation”, alpha);
var wmax =  tn.FindInterception("//RootNode/Fresnel CYI/Receiver/Absorber/Shape”, 10008000);
print("" + wmax/184.32);

[Ea T R s Iy [ WY gy N )

Figure 50: Script run for achieving the optical efficiency of LFR at zenith.

Variables “alpha” and “gamma” are respectively the elevation and azimuth angles
of the sun. The first part is used for the calculation of the power received by the
absorber when the sun is at zenith with the use of “FindInterception” function that
looks for the number of rays received by a specific node with a certain number of
rays sent. As the set DNI is 1 W-m™, it renders the equivalent useful area of the
primary reflector area. When divided by the real surface of the primary reflector,
the value obtained is 0.709. In the second part, the calculation of the IAM for the

other positions in azimuth and elevation are performed:

11

12 var sg=1;

13 var sa=1;

14 wvar totstep=(278-180)/sg+1;

15 for (var gamma = 18@; gamma <= 270; gamma += sg)

16 {

17 for (var alpha = @; alpha <= 98; alpha += sa)

18 {

19

20 var sp = NodeObject().getScene().getPart("world.sun.position™);
21 sp.setParameter("azimuth", gamma);

2, sp.setParameter("elevation”, alpha);

23

24

25 var w = tn.FindInterception("//RootNode/Fresnel_CYI/Receiver/Absorber/Shape”, 10080000);
26 var IAM = w/wmax;

27 print("" + gamma-188 + ", " + alpha + ", " + IAM);

28 }

29

30 3}

Figure 51: Second Part of the Script run for achieving the IAM.
Starting from the definition of the angle variation at each step and the total number
of steps, two “for” loops are generated. Specifically, in azimuth and in elevation
(namely “gamma” and “alpha”), they are evolving from South to West and from 0°

to 90°, respectively. 91x91 steps are therefore required. The “FindInterception”
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function is used to extrapolate the power received by the absorber according to the
specific position of the sun within the loop and then it is compared to the power
achieved at zenith. Considering that huge number of steps, the simulation requires
a large computational capacity, as the number of rays sent per step is 107. This
specific number of rays was obtained after a convergence analysis (cf. 7.2.1
Convergence Analysis on ASB plant), where the convergence of output data was
studied for each specific sun position. After the simulation of the second part of the
proposed script, the results are achieved in 3 columns as set out in the script with

the function “print(“....”)” :

Azimuth | Elevation IAM
0 0 0
0 1 0
0 2 0
0 20 0.104791034
0 . .
0 90 1.000433861
1 0 0
1 s s
1 90 0.998863652
90 90 0.999157861

The IAMs in the third column are the results of the calculation for a given pair of
azimuth and elevation. A transformation is required to express them as a function

of 6; and Or.
6.2.2 Ray Tracing Analysis for the improved LFR plant with NIO.

Here the script written to calculate the optical analysis of the improved LFR plant
with non-Imaging Optics (NIO) is introduced. It is similar to the previous one since
it has the same purpose. Actually, considering that the “FindInterception” function
works with only one node and in this “new” design of absorber, there are two nodes
to consider (the two parts of the U-bend), this specific function must be called twice.
Similarly, optical efficiency at zenith is calculated in the first part of the script and

[AMs values determined in the second:
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printTimed("azimuth [deg], elevation[deg], efficiency");

var alpha = 98;

var gamma = 18e;

var sp = NodeObject().getScene().getPart(“world.sun.position™);
sp.setParameter("azimuth", gamma);
sp.setParameter(elevation”, alpha);

[E-R- R RV I S UVRY R

var wmaxl = tn.FindInterception(”//Node/Fresnel_CYI/Receiver/Absorberl/Shape”, 18606000);
10 wvar wmax2 = tn.FindInterception("//Node/Fresnel_CYI/Receiver/Absorber2/Shape", 18086000);
11 wvar wmax = wmaxl+wmax2
12 print("" + wmax/184.32);
13
14

15 wvar sg=38;

16 wvar sa2=38;

17 war totstep=(270-188)/sg+1;

18 for (var gamma = 188; gamma <= 27@; gamma += sg)

20 for (var alpha = B; alpha <= 98; alpha += sa)

23 var sp = NodeObject().getScene().getPart("world.sun.position");
24 sp.setParameter("azimuth”, gamma);
25 sp.setParameter(”elevation”, alpha);

28 var wl = tn.FindInterception("//Node/Fresnel CYI/Receiver/Absorberl/Shape"”, 10000008);

29 wvar w2 tn.FindInterception("//Node/Fresnel_CYL/Receiver/Absorber2/Shape”, 18000800);
36 var w = wl+w2;

31 var IAM = w/wmax;

32 print("" + gamma-180 + ", " + alpha + ", " + IAM);

EERN

34

35 }

Figure 52: Script run for achieving the optical efficiency and
the IAM for the improved LFR plant.

The efficiency no calculated with NIO is 0.76055. This constitutes an important
improvement compared to the 0.709 with the ASB solution. The number of rays
sent is the same as in the previous study, since the convergence analysis
performed in that plant gave the same value (cf. 7.2.2 Convergence Analysis on
NIO plant). The output results are given by the script in the same way, and

therefore for 91x91 steps for the different positions of the sun.
6.3 Matlab Processing

The conversion from azimuth and elevation angles into longitudinal and transversal

angles is as follows:

HT — tan—! (cos s-sinys) [4]

sine

9, = tan~! (M) [5]

sineg
In that formulas ¢ and y; are respectively the elevation and azimuth angles. The
IAMs are represented by a graph using a script developed in Matlab with the
following script:
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%% Reading of Excel File of the Results

filename = 'IAM RESULTS.xls';
M=xlsread (filename) ;
M(1,:)=I[1;

o)

% Conversion of the Azimuth and Elevation into Longitudinal and
Transversal Angles and Pre-Allocation in vectors.

X = (atand(cosd (M(:,2)) .*cosd(M(:,1))./sind(M(:,2)))); %Theta L
vy = (atand(cosd (M(:,2)) .*sind (M(:,1))./sind(M(:,2)))); %Theta T
z=M(:,3); %IAM

% Definition of the matrix with a Data Pre-Processsing phase.
h=[x vy z];
h =h( ~any( isnan( h ) | isinf( h ), 2 ),: );
[C,ia,ic]=unique (h(:,1:2), "'rows");
h =h(ia, :);

x=h(:,1);
y=h(:,2);
z=h(:,3);

%% Definition of the function from the data acquired
F = scatteredInterpolant(x,v,z);

[xg,yqg] = meshgrid(0:1:90);

vqg = F(xq,y9);

%% Plot of the IAMs depending on Theta L and Theta T
surf (xq, yq,vq) ;

grid on

colormap (jet (256));

colormap;

ylabel ('Transversal angle (\thetai{T}°)')

xlabel ('Longitudinal angle (\theta {L}°)")

colorbar ('eastoutside'")

view (2)

x1im ([0 907)
ylim ([0 907)
zlim ([0 1.2])

After the file reading, the conversion is performed using the equations [4] and [5].
Subsequently, three column vectors are embedded with the matrix “h”, which is
subjected to a Data Pre-Processing step where the infinites, non-solutions or
repeated values are deleted. A new matrix “vq” of 3 columns and 91x91 of lines is
created using the function “scatteredInterpolant”. Each value of 8; and 61 between
0° and 90°, with a step of 1°, corresponds to one value of IAM. This function allows
the reshuffling of [AMs acquired with Tonatiuh++. Therefore, the matrix h is used

to extract the function.

6.4 Results of the IAM Analysis.

6.4.1 IAMs and Energy received by the existing LFR plant (ASB)

The graph of the IAM values for the existing LFR plant as a function of 8, and 0

is represented:
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Figure 53: IAM values depending on longitudinal and transversal angle for the existing LFR plant.

80

Figure 53 helps to understand how the LFR works in terms of optical performance.

As can be seen, the IAMs values are very close to 1 when the angles are very close

to 0, due to the fact that in these conditions the sun is very near to the zenith.

Conversely, when the sun’s position changes from the zenith, the IAM decreases

and thus optical efficiency as well.

O~ Transversal O~ Longitudinal

Figure 54: Transversal and Longitudinal IAM for ASB plant.
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Solar Energy (KWh/m?)

The IAM is affected mainly by the variation in the longitudinal angle, since fixing
0° of the longitudinal angle, the IAM starts to decrease only after 65 degrees of the
transversal angle, whereas fixing 0 degrees of the transversal angle, after 40 degrees
of the longitudinal angle it begins to fall to lower values. Actually, the main loss in
the variation of the longitudinal angle is the end effect resulting from the partial
disuse of the absorber (cf. Chapter 7 Flux Analysis). By contrast, when the
transversal angle varies the main losses are the blocking and shading occurring
between the mirrors and, for a low transversal angle, the shading of the receiver
onto the primary reflector is by no means negligible. In this way, the function that
correlates the angles (Longitudinal and Transversal ones) with the IAM is obtained.
The same Matlab script was used to process the DNI and the IAM per year, with a
time step of 1s (cf. Appendix 6./ DNI Energy Yearly Plof). Following the
acquisition and the cleaning processes of the DNI data, a matrix of 7 columns was
created. The number of lines, n, corresponds to the number of DNI records. The
first 6 columns correspond, in order, to the year, month, day, hour, minute and
second. The 7" column corresponds to the DNI records. Afterwards, the DNI can
be weighted with the IAM values at a given time of the recording. In the following
graphs, the energy absorbed by the receiver is represented and compared with the

available energy at The Cyprus Institute outlined in Chapter 5:
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Figure 55: DNI available by day vs Energy collected by the Receiver of the existing LFR by day.
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Solar Energy (kWh/m?/day)

As seen in Chapter 5, the available energy is 1951.4 kWh-m™ and after applying the
IAMs weighting, 890.22 kWh/m? are possibly collectable by the Fresnel. Therefore,
from the annual DNI yield, 45% may be reused. Obviously, two different factors

determine the amount of the energy received by the absorber of the LFR:
e The DNI available: as seen in Chapter 5, daily DNI is higher in summer.

e Optical efficiency: which depends on the solar angles during the year,

especially the elevation.

This last aspect is underlined in the next graph where, in addition to the daily
average DNI and the collectable one, the optical efficiency of the LFR is

represented:

[ Daily Average by Month
I Dily Average by Month corrected
— G- - Opiical Efficiency

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2019

efficiency of the existing LFR (right axis).

As previously seen, the daily average DNI energy is higher in summer, reaching
almost 9 kWh/m?, and with 5 kWh.m™ of received energy on the absorber. The
situation is not so favourable in winter: a little below 3 kWh.m™ in January and with

a lower efficiency (less than 1 kWh.m™ of energy reached the receiver). Efficiency

70

Optical Efficiency

Figure 56: Daily average available and collectable energies (left axis) and corresponding optical
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varies between 26% in winter and 56% in summer.

6.4.2 IAMs and Energy received by the upgraded LFR plant (NIO)

IAM values with the upgraded optics are illustrated:
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Figure 57: IAM values depending on longitudinal and transversal angles for the upgraded LFR plant.

The plot is similar to the previous one; indeed, the same aspects in terms of IAM
variation as the longitudinal and transversal angles can be observed. The optical
performance of the upgraded plant with non-Imaging Optics compared with the

existing plant is illustrated in the following plot:
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Figure 58: Difference between the IAM achieved with the NIO plant compared to the existing
plant.

The previous graph plots the difference between the IAMs obtained with the
upgraded plant (NIO) and the existing plant (ASB) after weighting them with their
respective efficiencies 1,y 0. The NIO performance is generally better. Indeed, this
enhancement is maximum when the sun heads toward zenith, due to the higher
Nopt,0 for the NIO plant. The ASB plant works better compared to the NIO one only
for very high transversal and longitudinal angles where solar elevation is low. The
“zebra” behaviour is due to the lower shading effect of the NIO receiver between
the rows. Out of 1951.4 kWh-m, 945.63 kWh-m may be collected with the NIO
LFR, therefore 48% of the DNI available. In the following graphs, the total solar

and collectable energies are plotted:
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Figure 60: DNI available by day vs Energy collected by the Receiver of the improved LFR by day.
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Figure 59: Daily average available and collectable energy (left axis) and optical efficiency of the upgraded
LFR (right axis).

Compared to the existing plant, the improved LFR is able to collect 3% more of the
available solar energy. Therefore, there is a very small difference in the energy
assessment, which is attested by the previous and next charts, which are almost

identical to the previous ones for the existing LFR plant. As expected, the
73



efficiencies are slightly improved thanks to 59% and 27% acquired respectively in

summer and in winter.

6.4.3 IAMs and Energy received by the improved LFR plant with

insertion of glass surface in the aperture of the receiver.

Paragraph 4.3.2 contains a description of the improvements made to the existing
LFR plant at The Cyprus Institute, which illustrates the main important differences.
Here in this paragraph, a modification of the improved LFR plant with Non-
Imaging Optics (NIO) is introduced, involving the inclusion of a flat glass surface
at the aperture of the receiver, placed at 4.2754 m above the ground. The insertion
of a flat glass surface is needed to prevent the presence of dust at the U-shaped
absorber and Non-Imaging Optics since they can be difficult to clean. Actually, in
the existing LFR plant, the absorber is kept under vacuum to reduce thermal losses
(cf. 4.2.3 Receiver). Here, in the LFR with Non-Imaging Optics (NIO), a surface
glass with a thickness of 3mm is placed in the aperture of the receiver but not under

vacuum, as shown in the following figure:

Figure 61: Modification of the improved LFR with NIO with the glass surface in the
aperture.

This minor modification generates new losses, although it helps to control soiling
by easing cleaning operations. Indeed, part of the reflected rays from the primary
optics are either reflected or absorbed. The new [AMs are accordingly plotted as

follows:
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Figure 63: IAM values depending on longitudinal and transversal angle for the upgraded LFR plant (NIO)
with glass surface at the aperture.

The comparison between NIO and NIO with glass is illustrated in the next figure:
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Figure 62: Difference of the IAM values depending on longitudinal and transversal angle between
the two different N1O plants weighted by optical efficiency at zenith.
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The NIO without glass is always better, except in the cases of very high angles
where both behave in the same way. This chart is plotted after weighting the [AMs
values with the corresponding efficiencies at zenith position. Actually, the optical
efficiency at zenith for the NIO plant with the glass surface is 0.544, which is
dramatically worse compared to the original NIO efficiency, which was 0.76055.
Therefore, these results show the drawback of mounting a glass surface in the
aperture of a receiver designed with NIO. The energy assessment shows that
annually, out of 1951.4 kWh/m?, only 529.6 kWh/m? are recoverable with the LFR
with NIO and glass surface. In the following graphs, the daily solar energy balances

are presented:
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Figure 64: DNI available by day vs Energy collected by the Receiver of the LFR
improved with glass by day.

The amount of energy absorbed by the receiver compared to the available energy is
very low in this last plant as could be anticipated in view of thanks to the modest

IAM values and to the poor efficiency evaluated at zenith.
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Figure 65: Daily average available and collectable energy and corresponding optical
efficiency of the improved LFR with glass.

This plant is so inefficient that, as can be seen from the former graph, in the winter
months (January, February, November and December) the Daily Average Solar
Energy received was very close to 0 kWh/m?/day while available energy was almost
3-4 kWh/m?/day. Therefore, the efficiency takes the maximum in summer with

42%.

Finally, in order to check that the outcomes obtained for 2019 could be the same
for other years, the enormous data set of DNI recorded by the pyrheliometer from
July 2016 to September 2020 was used to evaluate the daily energy available and
the daily energy absorbed by month for the different three plants. The following

table and graph sum up the outcomes for the three plants:
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Figure 66: Daily Average Solar Energy Comparison between the three plants.

Optical Efficiency

YE

Month Jan Feb Mar | Apr | May | Jun Jul Aug Sep Oct Nov Dec AVAER
Daily Av. Energy

2 . . 42 . . . . 72 . . . .

[kWh/ m2/day] 329 | 345 | 468 | 5.4 6.45 | 773 | 8.63 | 7.64 | 6.7 496 | 4.09 | 3.35 | 555
Daily Av. Energy

NIO LFR 0.92 | 1.24 | 2.12 | 292 | 3.77 | 456 | 5.06 | 4.25 | 3.29 1.95 1.25 | 0.85 | 2.69
[kWh/ m?/day]
Daily Av. Energy

ASB. LFR 0.85 | 1.16 | 2.00 | 2.76 | 3.56 | 431 | 4.78 | 4.02 | 3.10 1.83 1.15 | 0.77 | 2.53
[kWh/ m?/day]
Daily Av. Energy
NIO LFR

. 0.05 | 0.23 | 1.00 | 1.87 | 2.63 | 3.24 | 357 | 2.84 | 1.82 | 0.58 | 0.10 | 0.02 | 1.50
with Glass
[kWh/m?/day]

From the results outlined in the previous graph and table comparing the three plants,
it is clear that while between the ASB and NIO plants there is a certain similarity,
the same cannot be confirmed for the improved LFR plant with the insertion of the
glass surface. Generally speaking, higher efficiencies (therefore a higher amount of
received energy) are achieved during the summer season, whereas in the winter they
are low, especially for the NIO plant with glass, which showed a value very near to
0.
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7. Flux Analysis

Using the Tonatiuh++ software another important analysis can be performed to
qualitatively assess the operation of a concentrator, and not only in terms of its
energy balance, as done previously. For the scope of this thesis, as discussed above,
after the current LFR plant and the enhanced one were constructed, they underwent
an energy assessment to evaluate how much thermal energy is concentrated onto
the receiver. To do so, via the script tool, IAM analysis was applied. The results
acquired thus far do not provide information on how the concentrated solar power
is distributed along the absorber. This is performed with the “Flux Analysis” tool.
Therefore, in this Chapter, after a brief description of how it works and a short
discussion about convergence analysis, Flux Analysis is carried out for the existing

LFR and for the upgraded one. Their differences are then analysed.

7.1 Description of the Flux Analysis tool

Once the plant is constructed within the software, the “Flux Analysis” tool can be
opened thanks to the option present in the “Run” section. A window pops up and
the user selects the component to be meshed. The user then chooses the number of
cells in the x and y directions. Actually, in the existing LFR plant, 3254 cells are
set in the y direction, whereas 22 cells set in the x direction, defining cells of lcm
x lem. The user sets the number of rays to be sent from the sun and runs the
simulations. The graphical results and metadata can be exported. This first helps to
find the convergence by increasing the number of rays (cf. next paragraph). The

results are thus directly displayed by the tool directly in three different graphs:
1. one general plot with the flux distribution on the selected node,
2. one plot along a selected x value,
3. one plot along a selected y value.

In the x direction the cells are distributed between “Umin” and “Umax” (cf.
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Appendix), -0.5 and 0.5 respectively in the present study. In the meta-data, the total
power received by the surface or the minimum/maximum flux received are

available on the left side of the window.

7.2 Convergence Analysis

In order to carry out simulations in loop within Tonatiuh++, the number of rays
required is chosen as a result of a trade-off between the computational time and the
accuracy of the results. Here a convergence analysis is performed to determine it.
Then the value can be used to lead simulations within loops for the different

positions of the sun.

7.2.1 Convergence Analysis on ASB plant.

The existing LFR plant installed at The Cyprus Institute was studied, setting as the

number of cells on x direction and y direction at 22 and 3254 respectively.

Analysis

Surface: I:"r‘L"Receiver,"AbsurherfShape| | Select |
Side: front i

CellsX: |22 =

Cells¥: |3254 =

Rays: 10,000,0p0 2 Append Run

Figure 67: Flux Analysis Parameters view for the existing LFR plant.

The first 2 sets of convergence analyses are led in azimuth (0° or 90°) and increasing
elevations. The number of rays sent is: 10°, 3-10°, 6-:10%, 10°, 2-10°, 4-10, 6-10°,
8:10%, 107 and 2-10”. The next graphs are obtained:
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Flux is stabilized at 107 rays, therefore for the existing plant the various simulations

are carried out with 107 solar rays.
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7.2.2 Convergence Analysis on NIO plant.

In the same way, the convergence analysis was performed on the plant with a
receiver designed with NIO. For the study, 20 and 9763 cells were placed in the x
and y directions respectively, while the rays sent were: 2*¥10°, 4*10°, 6*10°, 8*10°,
10°, 2*10%, 4*105, 6*10°, 8*10°, 107, 4.107 and 2*107. The following graphs were

obtained:
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As for the existing LFR, in the improved plant the optimum number of rays to

obtain a good convergence is 107.

7.3 Flux Analysis in existing LFR plant.

This embedded tool in Tonatiuh++ has been exploited in this thesis in order to

understand and extract information about the distribution of the flux around the

84



m

m

m

receiver for the different positions of the sun. With 107 solar rays, different
simulations were carried out after fixing the azimuth angle to 0°, therefore facing
South, and with varying elevations from 90° to 30° with an angle step of 30°. The
flux received was computed accordingly. As for the other simulations of this thesis,
DNI was fixed to 1 W-m™ in Tonatiuh++. The following graphs present the flux
distribution on the absorber for 30°, 60° and 90° in the left column and the flux in

the centre of the absorber in the right column:
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Figure 68: Flux Distribution at 90° 60° and 30° of elevation.
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At zenith, in the top plots, the flux spreads along the whole length, with a peak value
of 13 W-m™. When the angle of elevation is decreased to 60°, second row of plots,
the peak power is slightly reduced to 12 W-m™ but the flux is zero from 0 to 2.5 m
of absorber pipe as no solar rays are concentrated, due to the end effect. This is
amplified with 30° of elevation on the low plots with a lower peak value (5.5 W-m’
2). The part of the absorber which does not receive any solar concentrated power is
between 0 and 6 m. The dark horizontal lines correspond to blocking due to the
flanges and seals. In the x direction, the Flux Analysis outlines the malfunction of
the secondary mirror since the top half cylinder of the absorber, which thus faces
the secondary mirror, is not receiving any rays, and solely the part facing the
primary reflector is. The next graph illustrates the correlation between the power

concentrated on the receiver and the elevation angle:
Power Received varying Elevation Angle
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Figure 69: Power Received by the absorber by varying the Elevation angle and
fixing the Azimuth angle.

As seen before regarding the IAM results, the power received is affected by the
variation in elevation when the azimuth is fixed at 0°, since longitudinal cosine loss
increases as a consequence of the partial disuse of the absorber, whereas it is only
slightly influenced when the azimuth is at 90°. As matter of fact, if a flux analysis
is performed after varying the elevation angle and fixing the azimuth angle at 90°,
the main losses are the blocking and shading occurring between the mirrors and the

shading of the receiver onto the primary reflector. Here, in terms of flux
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distribution, there is only a slight reduction in the flux peak power and a translation

of the symmetry of distribution in the x direction from 0 towards positive values.

7.4  Flux Analysis in existing LFR plant without Glass
pipes.

The same study was carried out after removing the glass pipes from the absorber

tube of the existing LFR plant in order to evaluate the possible differences:
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Figure 70: Flux Distribution without Glass pipes at 90°, 60° and 30° of Elevation.
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The only difference when compared with the configuration with glass was found in
the flux peak value, which were slightly higher for the different elevation angles. In
detail, maximum values for 90°, 60° and 30° were respectively 14.7 W-m™ (instead
of 13 W-m™?), 12.5 W-m? (instead of 12 W-m) and 6 W-m™ (instead of 5.5 W-m"
2). The same effects were also recorded for the blocking of the flux power in the
part of the absorber facing North and the reducing of the peak value, as highlighted
earlier. This study performed on the existing plant without glass pipes was used as

a control comparison for the next study presented in the following paragraph.
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7.5 Flux Analysis with Non-imaging Opfics.

The same “Flux Analysis” tool was used for the plant with the receiver designed
with non-Imaging Optics in order to compare its behaviour with that of the previous
receiver without glass. As the software can only deal with one surface node at a
time, separate analyses were performed on each of the two legs of the U-shaped
absorber. They were then merged together using Matlab with symmetric
transformation. The following charts explain the behaviour of the flux distribution

after fixing the azimuth angle at 0° and the elevation angle at 90°, 60° and 30°:
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Figure 71: Flux distribution for the two absorbers of the LFR plant with NIOs. The top figure is
at 90° of elevation, the middle is at 60° and the bottom one is at 30°.

As for the existing LFR plant, the flux distribution decreases as the elevation angle
is reduced: when the sun is at zenith, the flux is more than 5 W-m™, but it drops
away in the other two sun positions. Obviously, the blocking of the rays at the part

of the receiver facing North can be observed here. In the following graph the
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improved LFR plant’s distribution flux is compared to the previous one in order to

identify any differences:

X [em]

X [cm]

Figure 72: Comparison Flux Distribution of the two plants.

Firstly, in direction x the distribution between the two receivers is different. As a
matter of fact, the circumference of the absorber of the existing one (0.2199 m) is
higher than the sum of the circumferences of the U-shaped absorber in the upgrade
LFR plant (0.134 m). In each figure, x=0 corresponds to the bottom part of the
receiver, whereas the outer x refers to the top part of the receiver. The existing
secondary mirror does not function properly since no rays impinge on the top part
of the receiver, unlike the non-Imaging optics, which redistributes the solar flux
more smoothly. Therefore, energy assessment with the non-Imaging optics showed
a very low enhancement, but there was a considerable improvement in flux
distribution with the non-Imaging Optic since it allows a uniform distribution of the

solar beams reflected by the primary reflector.
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8. Conclusions

The present thesis emphasizes a methodology to assess the optical performance of
a LFR facility. More specifically, it was carried out for the LFR at The Cyprus
Institute using Ray-Tracer Tonatiuh++ Software. After the existing LFR plant
(ASB) (cf. Appendix) was constructed in the software, this methodology was
applied to perform an IAM analysis considered as a result of all optical losses. At
the end of the process, a graphical distribution of the [AM was obtained according
to the transversal 87 and longitudinal 6; angles. The shape of the Non- Imaging
Optics (NIO) was calculated considering the dimensions of the existing plant in
order to employ them as a potential secondary reflector. Tonatiuh++ compared the
IAM distribution with the different configurations. After the energy available at the
Cyprus Institute on a yearly and monthly basis was estimated (see Chapter 5), the
energy absorbed by the receivers of the two LFR plants was assessed. The results
obtained showed that the amount of energy reaching the absorber in the ASB plant
was 45% of the total available energy, based on the data collected in Nicosia in
2019, whereas in the improved plant with NIO the energy collected reached 48%.
Therefore, a slight improvement in the second plant was observed, but after the
insertion of a flat glass surface at the aperture of the receiver to prevent the
accumulation of dust on the U-shaped absorber and Non Imaging Optics, only 27%
of the total energy available was captured. Consequently, the model needs to be
further developed by adding reflection coating in order to optimize this last value
obtained. The results obtained in the energy assessment were tested considering
daily average energy available monthly considering addition data provided by
pyrheliometer from July 2016 to September 2020. The same yearly energy
distributions are achieved compared to the 2019’s results. Afterwards, Flux
Analysis was carried out on the two plants in order to visualize how the solar
reflected flux is distributed all over the absorber surface and how it can vary as the
polar position changes. Actually, with the decreasing of elevation from 90° to 30°

the maximum flux recorded on the receiver is decreasing of 58%. For making a
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comparison with the LFR with NIO in terms of Flux Analysis, the flux distribution
on the existing LFR was further studied considering it without glass pipes. In this
case, the maximum fluxes recorded were slightly better compared to the case with
glass pipes with an increasing of 12% in the case of 90° of elevation. Finally, the
solar flux distribution in the two plants was compared, which highlighted the greater
utility of using the Non-Imaging Optics compared to the existing secondary mirror,
since it is able to make the surplus solar rays available to the absorber more
efficiently. Indeed, the secondary mirror reflector doesn’t reflect the spare solar rays
to the absorber adequately, whereas the Non-Imaging Optics, thanks its specified
shape composed by an involute and MFE, make the flux distribution uniform along

the circumference of the absorber.
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Appendix

1.  Description of Tonatiuh

The Tonatiuh software is an open source and smart Monte Carlo Ray tracer for the
optical simulation of solar concentrating systems. In this appendix, the description
of how a Linear Fresnel Reflector can be constructed is discussed. Firstly, it is

necessary to discuss Tonatiuh’s main characteristics. It is composed of 4 main parts:

e The graphical user interface (GUI), which gives a 3D representation of the

site.

e A tree-view of the different objects (or nodes), where the components of the

site are shown.

e Node Parameter section, where the current parameters of a selected node are

shown and they can be modified.

e Toolbar section, where “Open”, ’Save”, “Copy” and other usual functions
are present. Here other specific functions such as the running click of the

Ray Trace Analysis or Flux Analysis are introduced.

[ Eat wew Rin Feip

DERA #aE Toolbar

Nodes Parameters View

Figure 73: Tonatiuh Main Interface.
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A system can be easily constructed in the software using different elements that are
called Nodes. They can be ordered hierarchically taking into account the
relationship (parents-children) between different nodes. For example, if a
component of the system is made up of three different parts, it is considered a parent
node of three nodes (one for each part). Therefore, this specific component could

be a child node of the entire system. There are three different types of Node:

e Group Nodes: contain other child nodes, surface nodes and tracker nodes.
Selecting these it is possible to modify its position, rotation and scale in the
“Node Parameters” section. Any choice that is made here modifies the

spatial properties of the child nodes.

e Surface Nodes: define the geometry and material of the parent node.
Therefore, the geometry could be easily modified by selecting the shape
(Choosing between ‘“Planar”, “Planar N”, “Parabolic”, “Hyperbolic”,
“Elliptic”, “Function Z”, ”Cylinder”, “Function XYZ”, etc.) and profile
(Choosing between “Box”, “Rectangular”, “Circular”, etc.). From the point
of view of material, either “Transparent” or “Virtual”, and an “Absorber” or
“Specular” tool can be selected in order to choose default values of

reflectivity, transparency etc. If required, these parameters can be modified.

e Tracker Nodes: define how the parent node is to track the sun, defining

different important technical properties (see the next paragraphs).

0 R 7 A new child node can be easily added by selecting the desired

parent node and clicking on the corresponding icon in the

Node upper part of the “Nodes tree view” as
w A RootNode
v @ Fresnel Csp shown in the figure presented on the left.
~ [A Primary_Reflector
v @ Row.0t The construction of the primary reflector
~ & Mirror_01
L7 TrackerKit . .
v @ primary is a good example in order to understand
v |4 facet . . . .
B Tshapekit this logical scheme. Taking into account
v & axis . . . .
& Tshapekit a specific row, every mirror is a child
& Mirror_02 .
& Mirror_03 node of “Row_" node. Each mirror node
A Mirror_04 -
& Mirror 05 is composed of a Tracker node, which is
& Mirror 06 hd
Figure 74: Mirror tree composition. needed for the mirror to track the
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sun’s movement in the sky, and a Shape node, useful to define its shape in terms
of geometrical and optical properties. Later on, the composition of the mirrors will

be defined in more detail.

2.  Description of the design of the Fresnel Facility

Node As can be easily read in the Figure to the left, the
v & RootNode “RootNode” node contains the macro-node
v A Fresnel _CSP

# Primary_Reflector “Fresnel CSP” which includes four different nodes,

& Receiver whose “Ground” one helps the user to better

A Ground . .

® siucture visualize the ground level. The other three nodes are
Figure 75: LFR Tree. the following:

e Primary Reflector Node: contains the construction of eighteen rows with
eight mirrors of 0.32m*4m for each row. Therefore, for each row eight

mirrors of the same geometrical and optical properties are fixed.

e Receiver Node: contains five child nodes v & Receiver
] AL Absorber
related to the structure of the receiver. As @ Glass Pipes

discussed in the introduction of the thesis, ) Connections

A Secondary_Reflector
the receiver of a LFR system is made up of & Cover
the Absorber, Glass Pipes, Connections, Figure 76: Receiver Tree.

Secondary Optic and Cover nodes.

e Structure Node: A parent node consists in v (A& Structure

different parts of the LFR that are not included i IO:‘ﬂ:t
nie
in the primary reflector and receiver (such as ) Beams
the Outlet/Inlet Tube, Beams and Motor & MotorBoxes

Figure 77: Structure Tree.
Boxes).

All these elements are described individually in order to understand how they are
built.
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2.1 Receiver

Parameter Value The receiver node consists five child nodes,
v transform . .
sranslation 0-0.034 427541 as described above. After creating the group
rotation -1-0-0 90

ccale 111 node and renaming it as “Receiver”, it is

possible to define its position, rotation and

Figure 78: Receiver Parameters. . . o .
scale. Considering the vector of position in
this specific order x y z, the height can be defined by putting 4.27541 m into the
third number corresponding to the z axis, whereas a transition toward the y direction
is needed in order to be -0.034 m respect to the primary reflector. A rotation is

needed in order to position the element in the horizontal plane parallel to the ground.

2.1.1 Absorber

The main part of the receiver
is the absorber. It is a cylinder
with a radius of 0.035 m and
32.544 m long. Given that in
the receiver node the position
and rotation have already been

defined, after the definition of

Figure 79: Absorber Node.

the scale in x and y to fix the
radius of the cylinder, a shape

node is added as visualized in the next figure to the left:
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Absorber

Parameter Value

v transform
translation 0Doo
rotation Do1 0
scale 0.03500351

Figure 81: Absorber Parameters.

Parameter

v shapeRT
caps

v profileRT
uMin
uMax
vMin
viMax

materialRT

Value

w Gylinder
none

[T Rectangular
-0.5

0.5

0

32.544

= Absorber

Figure 80: Absorber Shape.

2.1.2 Glass Pipes

Figure 84: Glass Pipes Node.

v A Glass_Pipes

the parent of equal eight “Pipe

“uMin” and “uMax” are defined if a section
of the cylinder is required. In this case, a
total section of cylinder is needed, therefore
it is necesary to fix the values present in the
left figure. The “vMin” and “vMax” are
used for setting the length of the cylinder,
whereas for the selection of the material, the
“absorber” type must be chosen, indeed the
task of this component is to absorb the
reflected sunrays arriving from the primary
reflector. The caps are not needed and

therefore “none” is fixed.

The glass pipes are designed in
Tonatiuh by an outer and inner
surface. Indeed, the shapes
designed in Tonatiuh are only
surfaces and they do not have
thickness. Consequently, the
only difference between the
inner and outer surfaces is the
radius. The Glass Pipes node is

2

> children nodes, which are

v A Pipe_1 . .
- laced in different :
> &) Inner p Y Pipe_1
> & Outer positions. Due to the parameter Value
Figure 83: Glass Pipes  rotation performed inthe * transform
Tree. . o translation 002034
Receiver” node, to rotation 0010

characterize the position in the y direction the scale T
value must be set in the third value of the vector Figure 82: Glass Pipe Parameters.

and not in the second. The position of the pipe
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in the y direction is based on its middle point and evaluated considering a flange
length of 0.084 m and a half of 3.9 m of its length, therefore this is leading to 2.034
m. The pipe is composed of an outer and inner cylindrical surface with a radius of
0.0625 m and 0.059 m respectively. Here too, “none” is fixed for “caps”. The
material of these two surfaces is the Fresnel (unpolarized) with different values in

nFront and nBack considering for radiative reasons.

Parameter Value Parameter Value
~  transform v transform
translation ooo0 translation 000
rotation o010 rotation 0010
scale 0.0625 0.0625 3.9 scale 0.059 0.059 3.9
Figure 86: Outer Parameters. Figure 85: Inner Parameters.
Parameter Value
~ shapeRT W Cylinder
caps none
~ profileRT [ Box
uSize 1
vSize 1
v materialRT (. Fresnel (unpolarized)
nFront 147
nBack 1

Figure 87: Inner/Outer Glass Pipe Shape.

2.1.3 Connections

The connections are designed to
attach the two different pipes
and they can be easily drawn in
Tonatiuh. They are made up of
flanges and expansion seals. The
former were constructed in the

software using two cylinders

with a radius of 95 mm and 24

Figure 88: Connections Node.

mm long. To complete their

pattern the expansion seals are defined as a cylinder with a radius of 62.5 mm and
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v M Connections 168 mm long. A single connection is made up of two child

v & Flange_1 nodes required in order to be projected within Tonatiuh as
L Seal

N can be seen in the Figure on the left. The connection
Quter

Figure 89: Connections component is repeated 9 times due to the eight pipes. After

Tree. the creating of the first, the other ones could be drawn using
copy & paste and translating them considering the length of a pipe and the length
of a connection. As regards their material, they are considered perfect absorbers.
The shape of the expansion seals is defined as a cylinder with “none” caps whereas

the flanges are set as a cylinder shape with caps in the bottom and top part (“both™):

Parameter Value Parameter Value

v shapeRT w Cylinder v shapeRT W Cylinder
caps both caps none

v profileRT = Box v profileRT = Box
uSize 1 uSize 1
vSize 1 vSize 1

materialRT “u. Absorber materialRT “. Absarber
Figure 90: Outer Shape. Figure 91: Seal Shape.

Considering the middle point of the flange, the parameters for the different child

components are defined as follows:

Parameter Value Parameter Value
v transform v transform
translation 0Doo translation 000
rotation Do1 0 rotation 0010
scale 0.0625 0.0625 0.168 scale 0.095 0.095 0.024
Figure 92: Seal Parameters. Figure 93: Outer Parameters.
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2.1.4 Secondary Reflector

As discussed in the descriptive part of this
thesis, the secondary optic is required in order
to capture the surplus reflected solar radiation
coming from the primary reflector. The

component in Tonatiuh is composed with only

Figure 96: Secondary Reflector Node.

Secondary's Optic Pattern

-0.02
-0.04
-0.06
-0.08

-0.1

-0.12

y =26.294x% - 21.347x3 + 8.1425x2 - 1.54x - 0.0007

R*=0.9988

Secondary_Reflector

Parameter Value

v transform

translation goao
rotation 100 90
scale 111

Figure 94: Secondary Reflector Parameters.

the child node “Mirror”, which
has a specific shape almost
similar to a parabola. Firstly, the
parent node “Secondary
Reflector” has to be set with a
rotation around the x axis in
order to express the entire
volume in the horizontal plane;
therefore, recalling the rotation
of the “Receiver Node”, in
this way the axes return with
the normal case as visualized
in the bottom-right angle of
GUI. The mirror is hard to
construct because it is not
designed with a simple
parabola shape but considers
the real shape presented in
the Cypriot facility. Towards
that goal, the different points
from the pdf file of that

Figure 95: Secondary Optic Pattern with its equation of the

Sfourth order.

specific shape are taken into

account and, with the use of Excel and a pre-processing data phase, the pattern of

the mirror is evaluated as shown in the Figure 95. Starting from the definition of

the position of the left point of the mirror ([0,0] of the Secondary Optic pattern), it

needs to be set, considering the system of the group node of the receiver, with
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different coordinates in x, y and z. In order to do so, these coordinates compared to

the origin of the axes of Receiver are fixed:

Parameter Value

v transform

translation -0.20404 -0.0185 0.07265
rotation 100 180
scale 132.544 1

Figure 97: Mirror Parameters.

The first describes the transition into the x axis, evaluated considering the width of
lateral edge of the cover, whereas the second defines a transition in the y direction.
Therefore, the third value is accounted starting from the height of the Receiver
node, defined previously as 4.27541 m. As can be seen, there is a rotation of 180
degrees towards the x axis in order to direct the focus point of the secondary optic
towards the absorber. The pattern, previously found using Excel, is set in Tonatiuh

in the shape node as in the following figure:

Parameter Value
v shapeRT = FunctionZ
functionZ "26.204 - 2134 TR+ 8.1
dims 100 10
v profileRT [ Rectangular
uMin 0
uMax 0.405
vMin -1
viMax 0
~ materialRT . Specular

Figure 98: Mirror Shape.

The equation could be set thanks to the “Function Z” option, where it is possible to

fix the borders of the pattern along the x axis with “uMin” and “uMax”.
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2.1.5 Cover

The cover is made up of five flat rectangles covering the full v & Cover

ili L Top
length of the facility:
¢ g L East
e Top rectangle covering the secondary optic from its i :HEdge
est
upper part for the whole length of the receiver. & Westtdge
e Two rectangles for the eastern and western Figure 99: Cover Tree.

faces.

e Two for creating the junction between the edges of the bottom of the cover

and the secondary optic, at both west and east sides.

Parameter Value The position of the cover is defined

v transform ideri 1 ired
translation 0-029347 -0,0185 considering as y a value required to cover
rotation 10090 the first beam (discussed later) and
scale 1325811

considering a height equal of 0.29347 m
Figure 100: Cover Parameters. « . '
above the parent node “Receiver”. They
are put in different positions due to the rotation that is performed in order to keep it

in the horizontal plane. The top rectangle (left figure) is defined as a planar shape

Parameter Value with a rectangular profile with a width of
shapeRT = Planar 0.31882 m. For the eastern and western

” pm:ﬁ?: %11 I;;::angmar sides, the points used to start their pattern
uMax 0.15941 are translated from the initial point of the

:m:; ? parent system node with +/-0.15941 m
materialRT " Absorber  and with a rotation along the y direction

Figure 101: Top Rectangle Shape. . . .
eure op Rectangte Shape with +/- 73.2° respectively. Regarding

their shapes, it is defined in a similar way to the top rectangle taking into account
the width.

Parameter Value

v transform

translation 0.15941 00
rotation 010 73.2
scale 111

Figure 102: East Rectangle Parameters.
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Parameter Value

shapeRT — Planar
v profileRT [ Rectangular
uMin 0
uMax 0.231362
vMin 0
viMax 1
materialRT o Absorber

Figure 103: East/West Rectangle Shape.

The eastern and western edge x positions are evaluated starting from the position of
the secondary mirror and adding the width of 22.24 mm. In the y direction
considering that, the starting point of the mirror is at 4.34806 m and the system of
the cover is at 4.56888 m, -0.22082 m must be set. Their shape is evaluated
considering a width of 22.24 mm.

Parameter Value

v transform

translation 0.22628 0-0.22082
rotation 0010
scale 111

Figure 104: East Edge Parameters.

2.2 Structure

v & Structure The structure node consists of four child nodes representing
i CE:UHH the inlet tube, outlet tube, beams and motor boxes. Although
2gaims
A Motor Boxes  they are not main components of the facility, in the software
L Inlet

design they are very important, because they are source of
Figure 105: Structure Tree. possible losses, for example in terms of shading or blocking,
and for that reason their construction is fundamental. The “Structure” group node
has its origin corresponding to the origin of the system therefore there is no

transition or rotation.
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2.2.1 Inlet/Outlet tube

Figure 106: Inlet/Outlet Node.

Figure 107: Partl Node.

Parameter

The Outlet and Inlet node
consists of three child nodes
called simply “Partl”, “Part2”
and “Part3”. As will be
discussed, they are mainly based
on cylinders with complex
rotations. Partl consists of a
cylinder shape with a box profile
with a radius of 0.10663 m and
0.228 m long, and an absorber
type material chosen. Because
this part must be parallel to the
absorber, a vector of rotation is
set, as can be seen from its Node

parameter view:

| Value

v transform
translation
rotation
scale

Figure 108

As can be seen, there is a very small
translation along the y direction. Therefore,
considering its shape and material, the
Figure on the right explains the choices
made. Part2 is more complex. Indeed, its

origin (the middle of the cylinder) at first

0-0.082 4.2729
-1-0-0 90
0.10663 0.10663 0.228

: Partl Parameters.

Parameter | Value
v shapeRT @ Cylinder
caps none
v profileRT = Box
uSize 1
vSize 1
materialRT “. Absorber

Figure 109: Partl Shape.

shifts in the x, y and z direction. Then a rotation of 134° is placed around the y
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Figure 110: Part2 Node.

Parameter Value

v transform

translation -0.1 -0.26 437291
rotation 010 134
scale 111

Figure 111: Part2 Parameters.

Figure 112: Part3 Node.

direction. The next figures
summarize this. The Part2 node
is made up of two child nodes:
The Main node (the cylinder)
and the Flange (near the middle
of the cylinder). Considering the
cylinder, it must be set at a
radius of 0.10663 m and 0.91 m
long, whereas its shape is constructed
considering a cylinder shape and a
rectangular  profile with absorber
material and “bottom” selected as caps.
The Flange is constructed like the
flanges in the Receiver node
considering an absorber

material and, in terms of
geometrical properties, with a
radius 0of 0.15 m and 0.2 m long.
Finally, the Part3 node is needed
to complete the Outlet/Inlet
parent node. Here a 3.96 m long
with a

cylinder  shape

rectangular profile is

constructed with the absorber material. Translation and rotation vectors are

introduced for that node as in the following figure.

Parameter

Value

v transform
translation
rotation
scale

1.69 -0.26 0
0-10 16.9639
01011

Figure 113: Part3 Parameters.

109



2.2.2 Beams

The beams, needed in real
conditions to support the weight
of the receiver, are designed in
the software by constructing a
single one of them and using
copy, paste and translating to
create the others. There are 18

beams, 9 for both the eastern and

western sides with a shape that is equal for all of them: a Cube shape with a box
profile measuring 0.037 m along y and 0.07 m along x. The Beams Node is made
up of two nodes for the Eastern and Western sides that differ only in terms of
rotation and position in the x direction. Indeed, for the Western side, a rotation of
16.8° around the y direction is fixed and the origin of the child node is placed in the
point of junction with the cover, then -0.15941 m and 4.56897 m are defined in the

x direction and y direction respectively. For the Eastern Side there are opposite

Parameter Value values in the x direction and on rotation.

w transform .
translation 0.15941 0 456897 Both the Western and Eastern sides are
rotation 0-1-0 168 composed of 8 beams placed in the
scale 111

middle of the space between the
Figure 114: West Beams Node. . . . . .
different mirrors in the y direction and
-2.385 m in the z direction, considering a half of the 4.77 m length of a single beam,

starting from the cover.

2.2.3 Motor Boxes

The Motor Boxes are 72, arranged in rows of 4. The relevant node includes a very
simple tree node construction. Indeed, the Boxes are constructed starting from the
definition of origin of the group node in the z direction based at 0.67316 m from
the ground (it is equal to the height of the mirrors). Its child nodes are the different
rows where the x origin for each one is defined considering that the right side of the

motor boxes must be set 2 mm away from the mirror. For each row, four motor
110



Figure 116: Motor Boxes Node.

2.3 Primary Reflector

Figure 117: Primary Reflector Node.

W . Primary_Reflector
v & Row_01
W . Mirror_01
[ TrackerKit
hd . primary
hd . facet
(A TShapekit

> . axis

Figure 118: Primary Reflector Tree.

before, the “primary” and “Row

boxes are defined with a cube
shape and box profile with
0.216 m wide, 0.097 m high
and 0.06 m wide. Therefore,
considering a single row, every
motor box is set 8.136 m away
from the previous one in the y
direction and corresponding to

the centre of the beam.

It is composed of 18 rows of
eight mirrors 4 m long. The
positions on the x-axis and y-
axis of all the mirrors are set in
the “Row_” node and “Mirror_”
node respectively. The height of
the entire field is defined in the
child node “primary” of each

2

group node “Mirror at

0.67316 m. This height does not correspond to the
axis of rotation of the mirrors; in fact, the mirrors
are shifted 0.045 m towards the z direction as set

in the primary child node “facet”. As discussed

2

nodes are

required in order to define the position in the z and

x directions respectively. After the definition of

the position of each mirror in the y direction, a “TrackerKit” is added, where the

different properties and characteristics of the tracking movement of the mirror are

specified. Indeed, after the selection of the “one-axis” type of tracking, the “primary

shift” and “facet shift” are defined at 0.67316 m and 0.045 m in the z direction
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Parameter Value respectively. They in turn account for the

Y armature - one-axis - height of the object and its shift in relation
primaryShift 00067316
primaryAxis 010 to the axis of rotation. Another important
i Angl -90 90 . . ..
primafyangles parameter to be modified is the aiming
facetShift 000.045
facetNormal 001 point that must be the position of the
angleDefault 0 . . theref, . hi ..
v target receiver; therefore, in this case it is
aimingFrame global designed at a height of 4.27541 m above
aimingPoint 004.27541

the ground level. Considering the values
Figure 119: Tracker Setting Parameters. L

set within tracker node, the wvalues of

translation of the “primary” and “facet” nodes are imposed of 0.67316 m and 0.045
m in the z direction respectively. The “facet” node has a shape node in order to
define the pattern of the mirrors, which differs from row to row. Indeed, as
discussed in the description of an LFR system, the mirrors of different rows are
mounted at various distances from the absorber and therefore there is a varied focal

length. In order to implement this, a particular shape must be chosen for the mirrors.

Parameter Value The Elliptic shape with a rectangular
v shapeRT & Elliptic .
ix 104 P profile is selected, where the parameters
aY Te+08 of the equation of the shape are defined
al 10.4 . . .
v profileRT W9 Rectangular 11 the x and z direction as double the
uMin -0.16 focal length while in the y direction an
uMax 0.16 . .
WMin 0 enormous value is needed to design the
vMax 4 flatness of the mirror itself. The material
v materialRT . Specular )
reflectivity 0.924 selected is, of course, the specular one,

Figure 120: Shape Parameters of the mirrors. with a reflectivity of 0.924 in order to
reflect the solar radiation to the receiver.

After the creation of the first mirror, the other mirrors in the row are created using
“copy and paste” and translated 4.068 m away from the previous one, while the
other rows are set in the same way after their position has been defined in the x
position, being careful to adjust the focal distance of the mirrors, which must

obviously vary.
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3.  Environment Settings

World Resources Scene

Node

™ Location
{E'Sun

Air
A Terrain
B) Camera

Figure 121: World Tree.

The environment settings are fixed in the “World” menu

presented in the upper part of the “Nodes Tree View”.

Here five nodes appear:

e [ocation, Air, Terrain, Camera: In these nodes it is

possible to decide the position of the system, properties

of the air, p

roperties of the ground and finally camera

options (they are not necessary for our purposes).

e Sun: Here it is possible to Parameter Value
v position
define the position of the sun azimuth 90
elevation a0
in terms of Azimuth and iradiance 1
v shape Pillbox
Elevation, the Irradiance, sun thetaMax 0.00465
v aperture
disabledModes "/{RootNode/Fresnel_CYl/Ground;//R...

model (in this

study the

“Pillbox” model is used with a

Figure 122: Sun Parameters.

“thetaMax” equal of 0.00465) and, finally it is possible to set the nodes of

the plant which would not be targeted by the direct sun rays. All nodes are

selected except the mirrors of the primary reflector, so that there are no

direct rays lost over the cover, beams, etc.

Parameter Scene tree

Excluded nodes

v position Node
azimuth
elevation
irradiance

v shape
thetaMax

v aperture
disabledNodes

~ A RootNode
~v & Fresnel_CYI
A Primary_Reflector
v & Receiver

A Absorber

A Glass_Pipes

A Connections

L Secondary Reflector
A Cover

Ground

Structure

//RootNode/Fresnel_CYl/Ground
//RootNode/Fresnel_CYl/Receiver/Absorber
//RootNode/Fresnel_CYl/Receiver/Secondary_Reflect
//RootNode/Fresnel_CYl/Receiver/Glass_Pipes
//RootNode/Fresnel_CYl/Receiver/Connections
J/RootNode/Fresnel_CYl/Receiver/Cover
//RootNode/Fresnel_CYI/Structure/Qutlet
/f/RootNode/Fresnel_CYl/Structure/Beams
//RootNode/Fresnel_CYl/Structure/Motor_Boxes
//RootNode/Fresnel_CYI/Structure/Inlet

& Outlet <-
A Beams
AL Motor_Boxes
A Inlet
< >
cancel
Figure 123: Disabled Nodes.
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4.  Ray Tracing Simulations

In Toolbar, specifically in “Run”, can be found the “Ray Tracing Analysis”, which
offers different tools and settings. Before launching a simulation using its button,

different parameters must be set (in Parameters Window and Format Window):

E:E:} Ray tracing

e Number of Rays: Setting how many

Parameters Format

e rays have to be tracked during the
umbereray R simulation.

Screen ays

Random generator | Mersenne-Twister ~

Grid with e Screen Rays: Sets the number of rays
Grid heig

ehotons that could be visualized in the GUI view.
Buffr size

Constructon g““‘ ) e Random Generator: Here it is possible

Appen
output to define what random generator could be
4 File v
used.

Directory ‘ |

File ‘phutuns | . . .

[ Phators per fle e Grid width/height: These parameters

are used in order to decide the dimension
Cancel

Figure 124: Ray Tracing Setting (1), of the cells that divide the sun plane from

which the solar rays are emitted.

E:E:} Ray tracing

Parameters Format

e Output Window: Here it is possible to

Surfaces

g’lm decide if the results must be exported or
— not and how this could be done.
Delete
e Surfaces Window: it is possible to
store the full information or only the
Phatons information regarding one or more
Coordinates
® Gloka surfaces
O Local
Surface identifier . .. .
2] surface side e Photons Window: Here it is possible

Previous and next photon identifiers

to set what type of information must be
Cancel

Figure 125: Ray Tracing Setting (2).

included in the export results.

Indeed, the rays will strike various

surfaces and for each impact, Tonatiuh could record different data in terms of what
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surfaces are hit, on which side, if it is struck by a direct solar photon or by a reflected
one. From this point of view, the setting of these properties for the Ray Tracing

Analysis is required and fundamental.

5.  Script Tool

In the “Run” menu, another important option is present for constructing the entire
plant. This is the Script tool, where it is possible to write a code to first construct
the single components of the facility (Mirrors, Flanges, Glass Pipes, etc.) and finally
put them together to construct the macro-parts of the Fresnel (Receiver, Primary
Reflector and Structure). All features of the software are present in this menu:
designing, setting environmental properties, etc. It permits the use of the common
functions for coding, such as the for, if, elseif and else loops. From this point of
view, the Script tool is another useful pathway to construct the facility. It thus
follows that the Script tool and graphical one (described in the paragraph
“Description of the design of the Fresnel Facility”) represent two options for
achieving the same result. From this point on, the description of the entire script
will be made, divided into three parts: 1) Definition of position and construction
function for each component; ii) Construction of the CYI Fresnel and iii) Scene
Settings. The different values present in the script to describe the different
components in terms of shape, material, translation, rotation and scale are the same
as the values considered for the construction of the facility using the graphical

pathway and therefore they are not justified in the following paragraphs.
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5.1 Definition of position and construction function for each

component

This first part of the script is related to setting the position of the different
components, determining the different types of material and defining the functions
to construct the different components of the LFR facility. The first two objectives

are present in the following part of the script:

1
2

3

4 var posX = [-3.900, -3.434, -2.967, -2.581, -2.835, -1.572, -1.114, -8.664, -0.225, 8.225, 0.664, 1.114, 1.572, 2.835, 2.501, 2.967, 3.434, 3.900];
5 var posXM = [-3.845, -3.379, -2.912, -2.446, -1.98, -1.517, -1.059, -0.609, -0.17, .28, 0.719, 1.169, 1.627, 2.89, 2.556, 3.622, 3.489, 3.955];

6 var focuses = [5.2, 4.9, 4.8, 4.7, 4.6, 4.5, 4.4, 4.2, 3.9, 4.8 , 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 5.0, 5.5];

7 var posY = [8., 4.868 , 8.136, 12.204, 16.272, 20.340, 24.408, 28.476];

8 var flangesY = [8., 4.968 , 8.136, 12.204, 16.272, 20.340, 24.408, 28.476, 32.544];

9 var beamsY = [-8.834 , 4.634 , 8.162 , 12.17 , 16.238 , 20.306 , 24.374 , 28.442 , 32.51];

12 function sethaterialGray(shape)

14 var mG = shape.getPart(material”);

15 mG. s reter("ambientColor™, "8.5 8.5 8.5");
16 mG eter("diffuseColor”, "8.3 8.3 0.3");
17 mG reter("specularColor”, "@. 8. 8.");
18 mG. setParameter(”shininess”, "0.1");

19 }

21 function setMaterialTransparent(shape)

24 mG neter("ambientColor™, "8.5 8.5 ©.5");
25 mG reter("diffuseColor”, 8.3 6.3 8.3");
26 mG eter("specularColor”, "8. 8. 6.");
27 mG neter(“shininess™, "@.1");

28 mG. setParameter("transparency”, "8.9");

Figure 126: Position and material script part for CYI LFR facility.

As can be seen, in lines 3 to 9 row vectors are set to establish the position of the
different components (such as x position of the mirrors, x position of the motor
boxes, y position of the pipes, y position of the flanges and y position of the beams)
and the focus length of the mirrors. In lines 11 to 29 two different materials are
defined for the absorber and transparent components, setting two different
functions, setMaterialGray and setMaterial Transparent respectively. Here different
features of the material, such as “ambientColor” or “shininess” are established.
Afterwards, (as can be seen in the picture to the left on the next page) the part
regarding the construction of the different components concerns the mirrors. This
function, called makeFacet, starting from inputs such as the node where it is
necessary to construct the mirror and its radius (related to the focus length), is able
to build the mirror taking into account its tracking, shape and material. In lines 34
to 43, the tracking movement of the mirror is defined in terms of primary shift, facet

shift and aiming point, as discussed in the paragraph regarding the construction of
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32 function mokeFocet(nodeM, radius)

33

var t = nodeM.createTracker();
var ta = t.insertdrmoture("one-axis");

ta.setParameter("primaryShift", "@ @ 8.67316"};

ta.setParagmeter("primaryAxis™, "8 1 @");
ta.setParameter("primaryAngles", "-98 9@");
ta.setParameter("facetShift™, "8 @ 8.845");
ta.setParameter("facetNormal™, "8 @ 1");

var tt = t.getPort{"target");
tt.setParometer("aimingFrame™, "global™};
tt.setParometer("aimingPoint™, "8 @ 4.273");

var nodeP = nodeM.cregteNode("primary"”);
var nodeF = nodeP.cregteNode("facet™);

nodeF . setPorameter("translation”, "8 @ @.845");

var s = nodeF.creoteshope();

var q = s.insertSurfoce("Elliptic™);
q.setPargmeter(”ax"”, radius);
q.setPargmeter("a¥y", 1led);
q.setPargmeter("al", radius);

var p = s.insertProfile("Rectangular”);
setPogrometer("uMin®, -8.16);
Pargmeter("uMax", @8.16);
aragmeter("vMin", @);
arometer("vMax", 4);

= s.insertMoteriol ("Specular™);
Pargmeter("slope™, "@.882");
prameter{"reflectivity”, "@.924");

m

m
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var noded = nodeP.cregteNode("axis");
nodeA.setPorameter(“rotation”, "1 @ @ -98");
nodef.setPorameter(“scale”, "8.81 8.81 1");

var s = nodeA.creoteshope();
var q = s.insertSurfoce("Cylinder™);
var p = s.insertProfile("Rectangular”);

p.setPargmeter("vMin", @);
p.setPargmeter("vMax", 4);

var m = s.insertMoteriol("Transparent”);
setMoterialGray(s);

Figure 127: Mirror Function.

the mirrors using the graphical
pathway, whereas the other
parameters are the default ones.
In lines 45 to 60, the facet of the
mirror is defined by inserting
the elliptic surface (taking into
account the radius as a value for
ax and az dimensions), the
rectangular profile (considering
0.32 m width and 4 m length)
and as material the specular one
with 0.002 of slope and 0.924 of
the reflectivity. In lines 62 to 71,
the axis of rotation of the
mirrors is set, which gives a
the

better visualization of

rotation of the mirror itself.

Following the same structure,

the flanges and pipes are set as

functions in lines 74 to 112, called makeFlange and makePipe respectively. The

74

75 function makeFlange(nodeF)

76 {
77
78
79
80

var node = nodeF.createNode("Seal™);

node. setParameter(“scale”, "0.8625 8.8625 B.168");
var s = node.createShape();

var q = s.insertSurface("Cylinder™);
setMaterialGray(s);

node = nodeF.createNode("Outer");
node.setParameter(“scale™, "0.895 0.895 0.024");
s = node.createShape();

q = s.insertSurface("Cylinder™);
q.setParameter(“caps”, "both");
setMaterialGray(s);

Figure 128: Flange Function.

flanges function is constructed
considering the same structure as

the graphical pathway.

Therefore, the two nodes

required to construct the flanges
are necessary: Seal and Outer.
For each one the scale and the
shape must be set. In the same
the

glass are

way, pipes

construted considering the same nodes of the graphical one. Therefore, an inner and

outer node are required with their scale, shape and material (See the next page for

the script regarding the glass pipes).
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92 function makePipe(nodeP)

93 {

var node = nodeP.createNode("Inner"};

node. setParameter(”scale”, "8.859 8.859 3.9");
var s = node.createShape();

var q = s.insertSurface("Cylinder");

var m = s.insertMaterial("Fresnel (unpolarized)");
m. setParameter("nFront™, "1.47");

m. setParameter(“nBack™, "1.");
m.setParameter(”slope”, "0.8082");

setMaterial Transparent(s);

node = nodeP.createNode("Outer");

node. setParameter(”scale”, "0.8625 8.8625 3.9");
var s = node.createShape();

var q = s.insertSurface("Cylinder");

var m = s.insertMaterial("Fresnel (unpolarized)");
m. setParameter("nFront™, "1.");

m. setParameter("nBack™, "1.47");

setMaterial Transparent(s);

Figure 129: Pipe Function.

115 function makeOutlet(parent)

116 {

117 var node = parent.createNode("Partl™);

118 node. setParameter(“translation™, "8 -8.882 4.27541");
119 node.setParameter("rotation”, "1 8 @ -98");

12@ node. setParameter(”scale”, "0.18663 8.10663 B.228")
121 var s = node.createShape();

122 var q = s.insertSurface("Cylinder");

123 setMaterialGray(s);

124

125 var nodeP = parent.createNode("Part2");

126 nodeP. setParameter(“translation”, "-8.1 -8.26 4.37591");
127 nodeP.setParameter("rotation”, "@ 1 @ 134");
128

129 var node = nodeP.createfode("Main™);

138 node. setParameter("scale”, "0.18663 8.18663 1");
131 var s = node.createShape();

132 var q = s.insertSurface("Cylinder");

133 q.setParameter(“caps”, "bottom");

134 var p = s.insertProfile(“Rectangular”);

135 p.setParameter("vMin", @);

136 p.setParameter(“vMax", 8.91);

137 setMaterialGray(s);

138

139 var nodeF = nodeP.createNode("Flange™);

148 nodeF . setParameter("translation”, "8 8 8.385");
141

142 var node = nodeF.createfode("Main™);

143 node. setParameter("scale”, "0.15 8.15 8.2");

144 var s = node.createShape();

145 var q = s.insertSurface(Cylinder™);

146 q.setParameter("caps”, "both");

147 setMaterialGray(s);

148

149 var node = parent.createNode("Part3");

150 node. setParameter(“translation”, "1.69 -8.26 8");
151 node. setParameter("rotation”, "8 -1 8 16.9639");
152 node. setParameter(”scale”, "8.1 8.1 1");

153 var s = node.createShape();

154 var q = s.insertSurface("Cylinder");

155 var p = s.insertProfile("Rectangular”);

156 p.setParameter("vMin", 8);

157 p.setParameter(“vMax", 3.96);

158 setMaterialGray(s);

159 }

Figure 130: Outlet/Inlet Function.

The Outlet Pipe function, called
makeOutlet (for the Inlet one,
makelnlet) is defined in lines 115
to 159. Here the construction of
the pipe is based on three parts
with absorber material: Partl,
Part2 and Part3. Like for the
graphical one, the Partl (lines
117 to 123) is relied on the
construction of a cylinder,
whereas the Part2 (lines 125 to
147), as well as rotation and
translation vector, is composed
of a main cylinder and a flange.
Part3 (lines 149 to 159) sets the
term of translation, rotation and
scaling following the
characteristics of how it 1is
constructed in the graphical
option. The inlet pipe is defined
following the same script but

considering different rotation

vectors for its parts.
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5.2 Construction of the CYI Fresnel

After the construction of the different functions, which, starting from their input (in
most of the cases the node where the component is needed), are able to develop the
required component, the script continues with the construction of the CYI Fresnel,
defining the “nodeFresnel”. This part starts with the construction of motor boxes,

inlet, outlet and primary reflector nodes:

218

211

212 tn.Clear();

213 var nodeFresnel = NodeObject();

214 nodeFresnel.setName("Fresnel _CYI");

215

216

217 var nodeStructure = nodeFresnel.createNode("Structure™);
218 var nodemot = nodeStructure.createNode("Motor_Boxes");
219 nodemot.setParameter("translation”, "8 @ 8.67316");

220 var nodeQut = nodeStructure.createNode("Outlet");

221 makeOutlet({nodelut);

222 var nodeln = nodeStructure.createNode("Inlet");

223 nodeln.setParameter(”translation”, "8 32.54 8");

224 nodeln.setParameter("rotation™, "8 8 1 188");

225 makeInlet(nodeln);

226

227

228 var nodePR = nodeFresnel.createNode("Primary_Reflector");
229 for (var i = @; i < posX.length; i++) {

238 var nodeR = nodePR.createNode("Row_" + (1 + 1));

231 var nodeRM = nodemot.createNode("Row_" + (i + 1));

232 nodeR. setParameter("translation™, "" + posX[i] + " @ 8");
233 nodeRM. setParameter(“translation”, ™" + posXM[i] + " @ @");
234 for (var j = @; j < posY.length; j++) {

235 var nodeM = nodeR.createNode("Mirror_" + (§ + 1));

236 nodeM. setParameter("translation™, "8 " + posY[j] + " ©");
237 makeFacet(nodeM, 2*focuses[i]);

238 if (%2 ==8) {

239 var nodeD = nodeRM.createNode("Drive_B" + (j/2 + 1));

248 nodeD. setParameter("translation™, "8 " + (posY[j + 1] - ©.834) + " 8");
241 nodeD. setParameter(“scale”, "0.216 8.060 8.897");

242 var s = nodeD.createShape();

243 var q = s.insertSurface("Cube™);

244 setMaterialGray(s); }

245 T

246 }

Figure 131: Motor Boxes, Inlet, Outlet and Primary Reflector Node.

Considering that the transition and rotation of the parts of a component have already
been inserted in the functions, the component nodes must now be defined in order
to fix the position of the entire component. In lines 216 to 225, the Inlet and Outlet
Pipe are constructed, starting from the definition of their nodes and finally using
their new functions defined in the previous part of the script “makelnlet” and
“makeOutput”. In lines 227 to 246, the construction of the primary reflector is a
more difficult task because it requires two for loops and within this process the
motor boxes are also built. Therefore, after the primary reflector node has been

defined, the first for loop is used to construct the different rows (from 1% to 18").
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After the formation of the nodes for the row of mirrors and row of motor boxes and
their positioning by the indices 7 of the first loop, a second for loop is introduced in
order to construct the mirrors that compose the specific i'" row along the y direction.
Care must be taken when describing the inputs of the function makeFacet because
double the i-" focus length must be defined. When the j index is a multiple of two,
a motor box is constructed. Therefore, as can be seen, the first loop is used in order
to move in the x direction, whereas the second one is used to move towards the y
direction, fixing the x one. The receiver node is constructed in lines 248 to 260 line,
considering its translation and rotation in relation to the main node “nodeFresnel”.

248 Afterwards the node of the

249 var nodeReceiver = nodeFresnel.createNode("Receiver™);

250 nodeReceiver.setParameter("translation™, "@ -8.834 4.27541"); b b : f d hld
251 nodeReceiver.setParameter(“rotation™, "1 8 8 -98"); apbsorber 1s formed as a chi
252 wvar nodeA = nodeReceiver.createNode("Absorber™);

253 nodeA.setParameter(”scale”, "8.835 0.835 1"); node of the ‘“nodeFresnel”

254 var s = nodeA.createShape();

255 s.setName("Shape™);

256 var q = s.insertSurface(”Cylinder™);
257 wvar p = s.insertProfile("Rectangular"); . . .
258 p.setParameter("vMin", 8); for Scallng the Cyllnder m
259 p.setParameter("vMax", 32.544);
260 setMaterialGray(s);

and then the different values

three  dimensions  are
Figure 132: Receiver and Absorber Nodes. . .

introduced. Finally, the
absorber material is set. Two of the Receiver’s child nodes are the Glass Pipes and
Connections nodes. These are defined together because a common for loop is used.
After the Connections and Glass Pipes nodes have been defined as child nodes of
the receiver, considering the y position of the flanges defined as a vector at the
beginning of the script, the flanges and the glass pipes are created, using the

functions “makeFlange” and “makePipe”. Consequently, the positions of the pipe

262 and the flange are

263 wvar nodeGl = nodeReceiver.createNode("Glass Pipes™);
264 var nodeConn = nodeReceiver.createNode("Connections™);

265 for (var j = @; j < flangesY.length; j++) { Correlated_
266 var nodeF = nodeConn.createNode(“Flange " + (j + 1));

267 nodeF . setParameter("translation”, "8 8 " + flangesY[jl);

268 makeF Lange(nodeF);

269 if (j == flangesY.length - 1) continue;

270

271 var nodeP = nodeGl.createNode("Pipe_" + (j + 1));

272 nodeP . setParameter( translation”, "8 @ " + (flangesY[j] + 3.9/2 + ©.168/2));

273 makePipe(nodeP);

274}

Figure 133: Glass Pipes and Connections Nodes.
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276
277
278
279
280
281
282
283
284
285
286
287
288
289
298
281
292
293
2584

var nodeSR = nodeReceiver.createlode("Secondary_Reflector™);

nodeSR. setParameter(“rotation”, "1 @ @ 98");
var nodeM = nodeSR.createNode("Mirror");

nodeM. setParameter(“translation”, "-0.20404 -0.08185 B8.87265");

nodeM. setParameter(“rotation”, "1 @& @ 188");
nodeM. setParameter(”scale”, "1 32.544 1");
var s = nodeM.createShape();

var gq = s.insertSurface{"FunctionZ™);

q.setParameter("functionZ™, "\"26.294%x*x*x*x-21.347*x*x*x+8.1425%x*x-1.54*x-0.8007\" ") ;

q.setParameter("dims™, "10 18");

var p = s.insertProfile("Rectangular”);
p.setParameter(”uMin™, @);
p.setParameter(“uMax", 08.485);
p.setParameter("vMin", -1);
p.setParameter("vMax", 8);

var m = s.insertMaterial ("Specular™);
m.setParameter(“slope”, "0.802");
m.setParameter("reflectivity™, "8.883");

Figure 135: Secondary Reflector Node.

Another Receiver’s child node is the secondary mirror, which is constructed

following the dimensions used for its graphical construction. After the creation of

the node as a child node of the receiver, a vector of rotation is required. The mirror

node is then created taking into account its position in relation to the receiver node.

As discussed in the graphical construction, the “Function Z” property is used to fix

the shape of the mirror, according to the equation performed in Excel. Finally, the

material Specular is used for that component. The cover node is another important

2896
297
298
299
300
301
302
383
384
385
36
387
308
389
31e
311
312
313
314
315
316
317
318
319
328
321
322
323
324
325
326
327

var nodeC = nodeReceiver.createNode("Cover");

nodeC. setParameter(™translation”, "0 -8.29347 -B.8185");

nodeC. setParameter(“rotation™, "1 8 8 98");
nodeC. setParameter(”scale”, "1 32.581 1");
node = nodeC.createNode("Top");

s = node.createShape();

p = s.insertProfile("Rectangular");
p.setParameter("uMin”, -8.15941);
p.setParameter("uMax”, 8.15941);
p.setParameter("vMin", @);
p.setParameter("vMax", 1);
setMaterialGray(s);

node = nodeC.createNode("East");
node.setParameter("translation™, "0.15941 @ 8");
node.setParameter("rotation™, "8 1 @ 73.2");
s = node.createShape();

p = s.insertProfile("Rectangular");
p.setParameter("uMin”, @);
p.setParameter("uMax", ©.231362);
p.setParameter("vMin", @);
p.setParameter("vMax", 1);
setMaterialGray(s);

node = nodeC.createNode("EastEdge"™);

node.setParameter("translation”, "9.22628 8 -0.22882"

s = node.createShape();

p = s.insertProfile("Rectangular”);
p.setParameter("uMin”, -8.82224);
p.setParameter("uMax”, 8);
p.setParameter("vMin", 8);
p.setParameter("vMax", 1);
setMaterialGray(s);

Figure 134: Cover Node.

child node of the receiver.
First, the cover node is
created, fixing its position and
rotation. Afterwards its child
nodes are created as “Top”,
“East”, “East Edge”, “West”
and “West Edge”. As in the
cases of the previous
components , these nodes are
characterized in terms of their
position, rotation and shape.
The “West” and “West Edge”
are constructed in the same
way as the “East” and “East

Edge” as can be easily read in
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the following script:

348

328
329
330
331
332
333
334
335
336
337
338
339
348a
341
342
343
344
345
3486

node = nodeC.createNode( West");

node.setParameter( translation™, "-0
node.setParameter(”rotation”, "8 1 @

sl s R T

p

= node.createShape();
= s.insertProfile("Rectangular™);

.setParameter{"uMin", -8.231362);
.setParameter("uMax", 8);
.setParameter("vMin", 8);
.setParameter("vMax", 1);

setMaterialGray(s);
node = nodeC.createNode("WestEdge");

node. setParameter("translation”, "-8

= node.createShape();
s.insertProfile("Rectangular");

s
p
p.setParameter{"uMin", @);
p.
p
p
5

setParameter("uMax", 8.02224);

.setParameter("vMin", 8);
.setParameter("vMax", 1);
etMaterialGray(s);

Figure 136: West and West Edge Nodes.

349 var nodeBeams = nodeStructure.createlode("Beams™);

358 var nodeBE = nodeBeams.createflode("East");

351 nodeBE.setParameter(translation”, "@.15941 8 4.56897");

352 nodeBE.setParameter("rotation”, "8 1 8 -16.8");

353 var nodeBl = nodeBeams.createfode("West™);

354 nodeBW.setParameter(”translation”, "-0.15941 @ 4.56897");

355 nodeBW.setParameter(“rotation”, "8 1 8 16.8");

356 for (var j = @; j < beamsY.length; j++) {

var nodeB = nodeBE.createNode("Beam_8" + j);

nodeB. setParameter(“translation”, "-8.835 " + beamsY[j] + " -2.385");
nodeB. setParameter(”scale”, "0.078 ©.037 4.770");

var s = nodeB.createShape();

var q = s.insertSurface("Cube™);

setMaterialGray(s);

var nodeB = nodeBlW.createNode("Beam_B8" + j);

nodeB. setParameter("translation”, "8.835 " + beamsY[j] + " -2.385");
nodeB. setParameter(“scale”, "8.87 8.837 4.77");

var s = nodeB.createShape();

var q = s.insertSurface("Cube");

setMaterialGray(s);

357
358
359
360
361
362
363
364
365
366
367
368
369 }

Figure 137: Beams Node.

.15941 @ @");
-73.2");

.22628 B -8.220882");

The last node is the
Beams Node, divided
into the construction of
the East and West
Beams child nodes. The
different beams are
created within a for loop
working with the vector
along the y direction

which is defined at the

beginning of the script. Their different characteristics are inserted within the loop.

5.3 Scene Settings

At the end of the script, after the creation of the ground node (not important for our

study), the different scene settings are established. The azimuth and elevation

angles are defined, and it is possible to disable the nodes which must not be struck

by direct solar photons. Finally, the script ends with the construction of the grid in

x and y for the ground.
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6. Matlab Scripts

This paragraph presents and explains the different Matlab scripts and functions used
during the work up to this thesis activity to determine the IAM distribution (already
discussed in 6.3 Matlab Processing), in order to illustrate the energy collectable by
LFR over the days of a year compared to the DNI available and to represent the
distribution of the DNI during a day or a year. For the first two purposes, a single
script was used, and from here on it will be called the “DNI_Energy YearlyPlot”.

6.1 DNI Energy Yearly Plot

To appropriately explain the script developed in Matlab for the purposes described
above, it has been divided into five different parts: 1) Distribution of the IAM; ii)
Relation between Julian Days and DNI; iii) Relation between Julian Days and IAM;
iv) Daily and Yearly Energy Analysis of the LFR facility; and v) Daily Average
Energy Analysis by Month of the LFR facility. After running this script, the
different graphs in Chapters 5 and 6 were plotted.

6.1.1 Distribution of the IAM

The following part of the script is used in order to find the IAM distribution with
the longitudinal and transversal angles, starting from real data acquired by the

Tonatiuh processing:

%% Distribution of the IAM.

% Reading of Excel File of the Results

filename = 'IAM Results  .xls'; %Put the name of the Excel File where the
results of IAM are present.

M=xlsread (filename) ;

n=length (M) ;

etal0=M(1,3); %Optical efficiency at zenith

M=M(2:n,:);

% Conversion of the Azimuth and Elevation into Longitudinal and Transversal Angles
and Pre-Allocation in vectors.

X = (atand(cosd (M(:,2)) .*cosd(M(:,1))./sind(M(:,2)))); %Theta L
y = (atand(cosd (M(:,2)) .*sind (M(:,1))./sind(M(:,2)))); %Theta T
z=M(:,3); SIAM

% Definition of the matrix with a Pre-Processsing Data phase.

h=[x y z];

h =h( ~any( isnan( h ) | isinf( h ), 2 ),: );
[C,ia,ic]=unique(h(:,1:2), 'rows");

h =h(ia, :);

x=h(:,1);

y=h(:,2);

z=h(:,3);

% Definition of the function from the data acquired that correlate the
% angles Theta L and Theta T with the IAMs values.
F = scatteredInterpolant(x,y,z);
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As discussed in the 6.3 Matlab Processing paragraph, after reading the Excel file,
which presents the results of the Ray Tracing analysis carried by Tonatiuh, the
conversion of the azimuth and elevation angles is obtained. With the results of this
transformation and the vector of the corresponding IAM, a matrix h is formed and
cleaned by Inf, Nan and repeated values. The end of this part is reached when the
scatterdInterpolant function is used to determine the relation between the angles (at

longitudinal and transversal planes) and the [AMs.
6.1.2 Relation between Julian Days and DNI

The next part of the script is used in order to evaluate the relation between the Julian
Days (JD), defined as the continuous count of days (and in our case fraction of days)
since the beginning of the Julian Period, and DNI. It is required because the real
data from the pyreliometer are incomplete, indeed some seconds (which in certain
cases could amount to 1 or 2 minutes) over the total year are missing. Therefore,
from the real data a function which correlates JD with DNI is required in order to

obtain graphs with complete data. Here is the relevant script:

$% %%%%%%%%% Relation between Julian Days and DNI

000000000000

% Start the Process

load ('DNI Data 20191231.mat');
%% Import Data in Vectors.

YY= DNI Data stored.Year;

MM= DNI Data stored.Month;

DD= DNI Data stored.Day;

HH= DNI Data stored.Hour;

mm= DNI Data stored.Minutes;

ss= DNI Data stored.Seconds;
DNI=DNI Data stored.DNI;

T=[YY MM DD HH mm ss DNI]; %Creation of the matrix.
n=length (YY) ;

T=unique (T, 'rows'); %Delete of identical rows.
K=T(:,1:06);

K = unique (K, 'rows');

DNI=T(:,7);

daysstudied=n/86400;

JD=JulDay (T (:,1:6)); %Conversion in Julian Days

temp = [JD,DNI];

[C,ia,1ic] = unique (temp(:,1), 'rows');
temp = temp (ia, :);

JD = temp (:,1);

DNI = temp (:,2);

f = @(z) interpl (JD,DNI,z);

oe

Definition of the function from the data acquired that correlate
he
% Julian Days with the DNI values.

> ot
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In the first rows, after the loading of the DNI values collected for each second in an
entire year, a matrix was constructed with columns indicating the year, month, hour,
second of collection and the corresponding DNI measured. After cleaning the
repeated time instances of collection, the conversion of a date (specified by the
columns that go from the 1% to 6™ of the matrix) into a JD value is performed using

the “JulDay” function, which is represented in the next script:

function [Vall] = JulDay (X)
DD = X(:,3);

MM = X(:,2);

YY = X(:,1);

Hour = X(:,4);

mm = X(:,5);

sSs = X(:,06);
$Parameters for the location
Time zone = 2;

longitude = 33.3808155;
latitude = 35.1408573;
hh = Hour - Time zone,

) 0000000000000 000000000000000000000000000000000000000000000D0O0

$%%%5%%%%5%%%%%%%%% Julian Day / Century calculation

a = floor ((14-MM) /12) ;

y = YY + 4800 - a;

m = MM + 12*a - 3;

Julian Day Number = DD + floor ((153.*m+2)/5) + 365.*y +
floor(y/4) - floor(y/100) + floor(y/400) - 32045;

Julian Day = Julian Day Number + (hh-12)/24 +
mm/ (24*60) + ss/(24*60*60) ;

Vall = Julian Day;

End

This function was constructed considering the NOAA Methodology Sun Calculator
[42]. The date was first defined as inputs and Time zone, Longitude and Latitude
of the place of study (in this case Nicosia, Cyprus). After the conversion into JD
and the cleaning process, the function f connecting the JD and the DNI was then

found via the function “interp1”.
6.1.3 Relation between Julian Day and IAM.

To achieve the aim of this part it is necessary to define the function that expresses
the connection between the instance of time of collection and the corresponding

IAM evaluated at the facility. This is described below:
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%% Starting the conversion into Azimuth and Elevation Angles.
Angles=Solar position(K); %The first Coloumn is referred to the
Azimuth, whereas the other one to the Elevation

%% Creation of the Matrix defined by the three coloumns vectors
cointaining Elevation, Azimuth and corresponding DNI

R=[Angles DNI];

R(:,1)=abs(R(:,1));

%% Step for Azimuth Angles higher than 90 degrees from the South
indxl=find(R(:,1)>90);

R(indx1,1)=180-R(indx1,1);

%% Definition of Theta L and Theta T and Corresponding IAM with
the use of the Function F

X = (atand (cosd(R(:,2)) .*cosd(R(:,1))./sind(R(:,2))));
$Theta L
% = (atand (cosd(R(:,2)) .*sind(R(:,1)) ./sind(R(:,2))));
$Theta T
L=[x yl;

IAM = F(x,V);

g = @(z) interpl (JD,IAM, z);

% Definition of the function from the data acquired that correlate
the

% Julian Days with the IAM values.

L=[L IAM];

Firstly, the time of collection is converted into solar angles in terms of azimuth and
elevation using the “Solar Position” function created considering the NOAA
Methodology Sun Calculator [42]. Elevation angles presenting a negative value are
substituted by zero because they are represent night times. Considering that the
IAM function F found with scatterInterpolant has as its domain 0-90° from the
South for the Azimuth, steps to refer the angles into that domain? are required. This
is the reason for the use of the “abs” function for Azimuth angles lower than 0°
from the South and of the next conversion step for Azimuth angles higher than 90°
from the South. In this way, as used in the previous “Distribution of the IAM” part,
the transition into longitudinal and transversal angles from azimuth and elevation
angles is performed. At this point, the function F must be found before it is possible
to find the IAM values for the different angles, and therefore for the positions of the
sun during the whole year. Then, after assessing the different IAMs corresponding
to the different JD values (and consequently different time and solar positions), the

function g linking the IAMs and JDs can be found with the well-known “interp1”.
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6.1.4 Daily and Yearly Energy Analysis of the LFR facility

Starting from the functions g and f obtained as above and passing on to the
definition of a vector of Julian Day values independent of the real data collected on
the basis of the first second in time of the year and its last one, an analysis of the

energy concentrated towards the absorber on a daily and annual basis can be

performed:
%% Daily and Yearly Energy Analysis of the LFR facility
a=JulDay([2019 1 1 0 0 0]); %First second of the year

b=JulDay ([2019 12 31 23 59 59]); %Last second of the year
x=[a:1/3600/24:b];

SolarPower = f(x)./1000;

IAMappr = g(x);

En=IAMappr.* (SolarPower*etal/86400*%24); %From Power to Energy
Energy collectedYear=sum(En); %Total energy collected in the year
N=length (SolarPower) ;

seglen=N/365;

sN=reshape (SolarPower, seglen, 365) ;

avg=mean (sN) ;

SolarEnergyDay=avg*24/1000;

SolarEnergyYear=sum(SolarEnergyDay) ;

checkl=sum(SolarEnergyDay) /sum(DNI/86400*24/1000) ;
BB=reshape (En, seglen, 365) ;

EnergyCollectedbyDay=sum (BB) ;

% Plot Energy Collected by Day and Solar Energy by Day
N=[1:1:365]; %you can input any other number,The day in question
is the 'N'th day of the year

Dt=datetime ('1-Jan-2019")+N-1; % This code will give the date of
the 'N'th day.

figure (1)

bar (Dt, SolarEnergyDay, 'r');
hold on

bar (Dt,EnergyCollectedbyDay, 'b")
ylabel ('Solar Energy (kWh/m"2)"');

ylimit=[0 12];

ylim(ylimit)

xlabel ('Time")

grid on

legend ('DNI by Day', 'Collected DNI by LFR by Day')

Through the functions f'and g it is possible to evaluate the solar power expressed in
kW/m? and the IAM respectively, since the same vector x is based on the JD values
of the seconds which formed the year 2019. The amount of energy collected every
second (i-") of the year is obtained from the next formula which considers the daily
average power of DNI multiplied by the hours in a day:

DNI;_,p, * 24

Ei_tn = IAM;_¢n, * 1o * ( 86400
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Evaluating the sum of the vector calculated in this way, the yearly energy collected
is found. With a simple function of data management such as “reshape” and “avg”,
the calculation of the solar energy available by day was performed and, therefore
with its sum, the yearly one is evaluated. In the same way the quantity of daily
energy collected is assessed. (Afterwards, the different plotting options were used

to obtain the graphs presented in Chapters 5 and 6).
6.1.5 Daily Average Energy Analysis by Month of the LFR facility

Following the evaluation of the amounts of monthly solar energy available and
collected (through a for loop), the daily average energies are analysed dividing the

monthly energy vectors by the number of days of each vector:

%% Daily Average Energy Analysis by Month of the LFR facility
v=[31 28 31 30 31 30 31 31 30 31 30 311;
s0=1;
SolarEnergyMonth=zeros(1,12);
EnergyCollectedbyMonth=zeros (1,12);
for j=1:12
s=s0+v (3)-1;
SolarEnergyMonth (j)=sum(SolarEnergyDay(s0:1:s));
EnergyCollectedbyMonth (j)=sum(EnergyCollectedbyDay(s0:1:s));
sO0=s+1;
end
% Plot Daily Average Energy Collected by Month and Daily Average
Solar Energy by Month
figure (2)
SolEnMonthDaily=SolarEnergyMonth./v;
EnCollMonthDaily=EnergyCollectedbyMonth./v;
yyaxis left
bar (SolEnMonthDaily, 'r')
hold on
bar (EnCollMonthDaily, 'b")
limity=[0 101];
ylim(limity)
ylabel ('Solar Energy (kWh/m"2/day)")
ETA=EnCollMonthDaily./SolEnMonthDaily;
yyaxis right
plot (ETA, 'g--0', 'LineWidth', 2)
limity=[0 0.9];
ylim(limity)
ylabel ('Optical Efficiency')
xticklabels ({'Jan', 'Feb', '"Mar"', 'Apr', 'May', "Jun', 'Jul', 'Aug', 'Sep"'
,'Oct', '"Nov', 'Dec'})
xlabel ('Year 2019")
limits=[0.5 12.5];
xlim(limits)
legend ('Daily Average by Month', 'Daily Average by Month
corrected', 'Optical Efficiency')
grid minor
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At the same time, the optical efficiency of the LFR is examined and can be plotted

over the months.
6.2 DNI Power Plot

After the data from the pyrheliometer have been factored in, with this script it is
possible to represent the distribution of the DNI during a specific day (here the

Summer Solstice is chosen):

%% Start the Process
load('DNI Data 20191231.mat'");
%% Import Data in Vectors.
YY= DNI Data stored.Year;

MM= DNI Data stored.Month;
DD= DNI Data stored.Day;

HH= DNI Data stored.Hour;

mm= DNI_Data_stored.Minutes;
ss= DNI Data stored.Seconds;
DNI=DNI Data stored.DNI;
T=[YY MM DD HH mm ss DNI];
K=T(:,1:06);

% Plot DNI during a specific day
m=find (T (:,1)==2019 & T(:,2)==6 & T(:,3)==21);
x=T(m,1:6);

y=T (m,7);

t=datenum (x) ;

time datatime=datetime (t, 'ConvertFrom', 'datenum');
figure (1)

plot (time datatime,y);

ylabel ("DNI (W/m"2)");

xlabel ('Time")

z=[0 10007];

ylim(z)

grid on

title ('DNI plotted during the Summer Solstice day')
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