FREEFORMSOLAR CONCENTRATINGOPTICS

by

Brian Wheelwright

Copyright ©Brian Wheelwrigh2015

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF OPTICAL SCIENCES

In Partial Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2015



THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Brian Wheelwrightitledii Fr eef or m Sol @ptico@mncent r at i
recommend that be accepted as fulfilling the dissertation requirement for the Degree of

Doctor of Philosophy.

Date:8/3/2015

J. Roger P. Angel

Date:8/3/2015

R. John Koshel

Date:8/3/2015

Raymond Kostuk

Final approval and acceptance of this dissertationiscentngy upon the candi
submission of the final copies of the dissertation to the Graduate College.

| hereby certify that | have read this dissertation prepared under my direction and
recommend that it be accepted as fulfilling the dissertation reneire

@015

Dissertation Director: J. Roger P. Angel



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of the reqaintsfor
an advanced degree ahd Uniwersity of Arizona and is deposited in the University
Library to be made available to borrowers under rules of the Library.

Brief quotationsand use of figuresrom this dissertation are allowable without
special permission, provided that an accurate agledgement of the source is made.
Requests for permission for extended quotation from or reproduction of this manuscript

in whole or in part may be granted by the copyright holder.

SIGNED:Brian Wheelwright



ACKNOWLEDGEMENTS

| am indebted to my atdsor and mentor, Roger Angel, fbis tireless workin
engaging students in theauseto reduce thecost of solar power through optical
i nnovation. Roger 0s passi onshapedrmeaas avi ty,
researcher and inspired this workl dso gratefully acknowledge thguidance and
instruction of Optical Sciences professors John Koshel, Ray Kostuk, Jose Sasian, Jim
Burge, and the Steward Observatory Mirror Lab staff. | would like to thank all of the
students | 6ve wor,kespdcially Blaka Codgneur, Raddife Pegne a r s
Andrew GearyKimberly Hammer, Justin Hyatt, Andy Whiteside, Dima Reshidko, Jon
Weiser, JJ Mrkonich,and Mira FrenkelFor the past two yeard, 6ve had t he
privilege of collaborating with ASU professor Zery Holman | thank him and his
team, particularly Jason Yu and Kate Fisher, for the fruitful relationship our labs have
cultivated.

| also acknowledge the generous support of the ARCS Foundation and my donors
Christy and Daryl Burton. Since 2013 have alsoenjoyed a generouSiDSEG
Fellowshipwithout which | could not have pursued this line of research.

| gratefully acknowledge the TechLaunch Arizona Proof of Concept (POC)
program, REN TRIFF Exploratory Grant program, and GPSC Research Graith
have all provided seed funding to pursue new iddaalso acknowledg funding from
ARPA-E APV Mirror : A Sol ar Concentr &bBr Mi r |
ARO000473, SunShot CSP (AAdvanced MBOOOGT9&)Ct ur e

and Researc@orporation Grant#22171)



DEDICATION

To Janny, whose endless love, encouragement, support, and sacrificediaadedme
takerisksandvor k on pr obl ems t.Ardito my panentpwhe si onat

instilled a love of learning from a yourage



TABLE OF CONTENTS

Page

L ST OF TABLES ..ctttttttttutuiaas e e e e e e e eeeesiis s s e e e e e e e e e e e e et et amees e e e e e e e e eeeeeeeeeaebsnenmnm s 8
L IST OF FIGURES ... iittiiiiiii ettt e et s eemmea e et e e e e e s amms e e an e et e e e an e e e e e e nmnes 9
A B STRACT ettt e e e e e e e e e e et aeaeaa s s e e e eeeeeeeeeeeeeeet b b mmme e e et e eeeeeeeebnn s emmr e s ennnnns 18
CHAPTER 1: INTRODUCTION TO THE SOLAR RESOURCE......ccctvuiiieiiiiiiieeeeaens 20
1.1 Solar Spectrum and GEOMELLY............ccevveiiivriemmeee e, 20

1.2 Direct vs Diffuse Radiation..............coveevviviriimmmrerieeeeeeiiiiiiine e 23

1.3 Tracking, Concentration, and Acceptance Angle............ccccc..uv..e 24

1.4 Concentrator PhotovoltaiCs (CPM).......uuveeiiiiiiiiiiiiieeeieeeeieeeeeeeee 28

1.5 Concentrated Solar Power (CSP)........ccoovvviiiiiiiieeee e, 32
CHAPTER 2: TROUGH-BASED CPV WITH FREEFORM SECONDARY OPTIC ....... 37
2.1 Troughs as Primary Elemsnh 3D Concentrators.......................... 37

2.2 TwoStage Orthogonal Concentration: Secondary Optics Design41

2.3 Toroidal Arc Lens Array Fabrication..................iiiccceeeeeevvnnnnnn, 48
2.4 Limitations of Current Parabolic Trowh..............coooiiiiien s 51
2.5 Toroidal Arc Lens with Tracking Integration.................c.ovvvvieeee.... 60
CHAPTER 3: DISH CPV WITH FREEFORM LENSLET ARRAY .....coviiiiiiiiiiieeaeenns 66
3.1 Primary MirrOr DESION.......uuuuuiiiiie e e e eeeeicee e enne e 67
3.2Freeform Lenslet Array DeSIgN.........ccouuviiiiiiiiiiiccceieeeeeeeeee 69
3.3 Tracking Performance and Electrical Compensation................... 75
3.4 Sensitivity t0 FIQUIE EITOIS..........uuuiiiiiiiiiiiiieeeiiiieiieeeeeeeee e 380
3.5 OnAXxis ParaboloidaDish and "Inverted Fly's Eye" Array............. 83
3.6 Off-Axis Paraboloidal Dish and "Inverted Fly's Eye" Array........... 90
CHAPTER 4: CSPFIELD COLLECTOR WITH FREEFORM TRACKING ................ 95

4.1 Field Efficency Limitations of Central Receiver CSP Planis........ 96



4.2 Rotating fAAmp.hi.t.heat.er.. Tr.dekero

4.3 Simulated Collection PerformancCe..........ooeeueeee e 108
CHAPTER 5: HYBRID PHOTOVOLTAIC /THERMAL TROUGH ...cevvvieeeeiaaeaannen, 115
5.1 Spectrunsplitting Hybrid PV/Thermal System (PVMirrar)........... 117
SV B 1ol a1 (o1 (o3 1Y 112 (o] AHRT TR TR 121
5.3 OrSuUN Prototype TeStiNg.........ovvvveviiiiiiiiimmeeeeeeetvveee e e 125
CONCLUSIONS AND OUTLOOK eteuttteee e eeee e e ee e e e e e e e emameaeeeens 129
APPENDIX A: SMARTS .INP PARAMETERS .. cuiuiiitiiiiieieeeeesimeneeeseensenanen 131
APPENDIX B: ROLL FORMING TOROIDAL LENSES....ciuieieieieeeeeeeeeeeeeaeae 132
APPENDIX C: TROUGH METROLOGY ..euitiuitieninieensenenseimnmessenessensnsenessenensens 134

[ = = = =3 = N[ =S TP 137



LIST OF TABLES

Table 1.1: Solar Resource by tracking type in Tucson AZ (NREL, Solar Radiation
Data Manual for FlatPlate and Concentrating Collectors 19690
AVErage, 1990).......uuuuuiiiiiiiiee e 27
Table 2.1: Trackingntegration motion to complement external module trackihg.
Table 3.1: Design parameters foraxis freeform lenslet array............ccc....... 70
Table 4.1: Tracking Case 1. Segment tracking about unique, tilted.axis..105
Table 4.2: Tracking Case 2. Segment tracking aboutifted axis................ 107

Table 43: Simulation parameters (italics) and results (bald).................... 109



LIST OF FIGURES

Figure 1.1: Solar spectra AMO, AM1.5, and AM1Q............ouvvvmiiiiiiicccnnnnnns 21

Figure 1.2: The solar path for a typical northern latitude........................... 22

Figure 1.3: Solar resource and percentage difasntribution (ARPAE, 2014)24

Figure 1.4: Three common tracking schemes: dual axis, polar aligned single axis, and
horizontal northsouth aligned single axis (Wheelwright B. , Angel,
Coughenour, Hammer, Geary, & Stalcup, 2014).................... 26

Figure 1.5: Singlevs. Multi-Junction PV cells (Fraunhofer ISE, 2015)........ 29

Figure 1.6: Progress in research cell efficiencies by technology (NREL, Best
Research Cell Efficiencies, 2015).......c.ccccceeeeiiiiiivieeeiie e, 30

Figure 1.7: Realized and projected CPV cell, module, and system efficiencies
(Philipps, Bett, Horowitz, & Kurtz, 2015). System efficiency includes
parasitic loads (e.g. traCking)........ccoovrriiiiiiiiiiicee e 30

Figure 1.8: Commercial apprdaes to CPV by (a) Soiteeditec.corf, (b) Semprius
[semprius.coify and (c) REhnuREhnu.comu........ccccciiiiiiiiinne. 31

Figure 1.9: CSP architectures (Greenpeace International, 2014).............. 33

Figure 1.10: Panoramic view of Solanar@rating Station (Gila Bend, AZ)...33

Figure 1.11: ADuck Curveo from California
PV generation increases, conventional sources must ramp up production
more quickly in evening NOULS............cciiiiiiieesiiieceeeeee 34

Figure 1.12: Simulated generation on a spring day in California for four PV

penetration cases (Denholm & Mehos, 2011)...........ccccvvvvnen. 35



1C

Figure 2.1: Left: View of Solana Generating Station from Interstate 10. Rigigshtro

reference planes from (Cooper, Ambrosetti, Pedretti, & Steinfeld, 2013).

Figure 2.2. Fousegment, F/0.5 parabolic troughs, tracked about two axes (left), a
single polaraligned axis (middle), and a horizontal nesthuthaxis
(ML) e 39

Figure 2.3. Prior art: (a) cylindrical lenses along the linear focus (Di Vinadio &
Palazzetti, 2011); (b) rotating asymmetric CPCs along the linear focus
(Cooper, Ambrosetti, Pedretti, & Steinfeld, 2013)...................40

Figure 2.4. Trough crossection in the transverse plane (left) and axial plane (middle)
detail of secondary optics cressction (right)............ccccceeevienne 42

Figure 2.5. Left: An innesegment parabolic trough mirror on @alaxis tracking at
The University of Arizona. Right: A parabolic trough and freeform
Secondary leNS array.........ooooeeiiiiiiiiimrer e eeeeenees 42

Figure 2.6: Line focus with and without interception by toroidal arc lens at8ay.

Figure 2.7: Effect of tracking errors in the axial and transverse planes.... 44

Figure 2.8: Displacement of line foci caused by tracking error in the axial $ane.

Figure 2.9: Left: Rays from an F/0fugh propagating through a toroidal lens array
with rod lens tertiaries. Right: Crasectional views of a toroidal lens
array with rod lens tertiaries for @axis and offaxis illumination.46

Figure 2.10. One quadrant of theceptance angle space is plotted for cell strips
sized for 1000X and 800X average geometric concentration
(Wheelwright B. , Angel, Coughenour, & Hammer, Freeform solar

concentrator with a highly asymmetric acceptance cone, 2014Y.



11

Figure 2.11. Tracking errors in the transverse plane................ccccccoeeernne 48

Figure 2.12. Left: custom reforming machine built by The University of Arizona to
form toroidal arc lens arrays. Right: Slummlded B270 toroidal lens
array, withinwardf aci ng 10 Jl.e.nt.i.c.ul.a9 ons.

Figure 2.13. lllustration of an F/0.5 parabolic trough and-lexgpsure photograph
of a B270 toroidal arc lens array illuminated by two laser fans, red and
green, separated by 90° to simuléitemination from opposite sides of
tNE TrOUGN ... 50

Figure 2.14. Errors in >$lope (left) and Yslope (right) for a typical innesegment
trough mirror produced by RioGlass. Top measurement set iedy T
University of Arizona (see Appendix C) and bottom set is by RioGlass
with a contracted metrology system (QDEC)............euvvvvvvernens 52

Figure 2.15: Line spread function from a simulated F/0.5 trough composed of
RIOGIASS SEgMENLS........ooiiiit e 53

Figure 2.16: Line focus (including solar disk) from a simulated F/0.5 trough
composed of RioGlass segments. Units are geometric concentration (see
diSCUSSION DEIOW)........coiiiieee e 53

Figure 2.17: Linear focus ofacommereaiplai t y trough, biShned into

Figure 2.18: Rapidlump prototype furnace at The University of Arizona Steward
Observatory Mirror Lab with a trough mold (a) and a dish mol&b).

Figure 2.19: Xand Y-slope errors for a slumped 1.6 m square dish (1.5 m focal



12

Figure 2.21: Line spread of an F/0.5 sluqyality trough convived with the solar
disk. Units are geometric concentration..............cccceeeeeeeeeenne. 59

Figure 2.22: Linear focus of a sluagpality trough binned into 25.4mm groupS.

Figure 2.23: Integrated annual flux as a function of skewdence on an aperture
tracked at 32.2N latitude about polaaligned (red) and horizontal

north-south aligned (blue) axes. Sédtfs://youtu.be/PN1pfScSrykor

latitude dependencCe...........cccuuiiiiiiiiieeee e 61

Figure 2.24: Lateral motion betweerll&rips and toroidal lens array allows tracking
over-23. 5A<.<23. 5A, tdignedsimgkaxisi ue from pol
TrACKING. .. 62

Figure 2.25: Lateral motion between cell strips and toroidal lens array allows tracking

over-2 3 . 5 B.5°theZesidue from pokaligned singleaxis

TrACKING. .. 63
Figure 2.26: Arc motion required to compensate206 A<« <55A, the residu
horizontal NSaligned singleaxis tracking...........cccccoeeeeeiiiiiiices ! 63

Figure 2.27: Tiied toroidal arc elements illuminating 3 mmide cell strips.
Scattered light between cell strips is from inactive transition regions
between the lenticulations................cceeiiiiiieeciieee e, 64
Figure 2.28: The tilted toroidal lens array sweeps out an atiomto compensate for
varying SKew INCIOENCE..........uuiiiiiiiiiiiiii e 64
Figure 3.1: REhnu CPV system. A 1.65m square dish mirror drives MJ cells in a

compact K™ hl er...op.t.i.c.s....p.a.c.k.a@be .



13

Figure 3.2: Semprius modul8emprius, 2012). A square lens array illuminates an

array of small ball lenses, each conjugate to ansabMJ cell (Wang,

Figure 3.3: Oraxis dish geometry and coordinate system......................... 68
Figure 34: Irradiance distribution for parabolic dish (left) and prolate ellipsoid
(ML) e 69
Figure 3.5: Freeform lenslet design process, implemented in.ZPL............ 71
Figure 3.6: Regular lenslet array and freefornslet array (one quadrant onlg2.

Figure 3.7: Imaging performance of regular lenslet (left) and freeform lenslet (right)

2L = | TP 73
Figure 3.8: Solar foci displacement with tracking errars..........ccccccvveeveeeee 73
Figure 3.9: Irradiance on MJ cell stabilized by ball lenses......................... 75

Figure 3.10: Flux distribution on cells (geometric concentratiordariz and
colorbar). X and Y axis are position of the cell in mm............. 76
Figure 3.11: Cell power distribution curve with nominal tracking. Max power
condition shaded blue...............ccuiiiiiiieee 77
Figure 3.12: Main cell and edge cell Wiring..............cccoiiiieemiieiiiiiieeeeeen. 17
Figure 3.13: Flux distributioon cells (geometric concentration) with parallel wiring
of outer and INNEr €dge.........coooviiiiiiiiiiiceee e 78
Figure 3.14: Cell power distribution with nominal tracking and parallel wiring of
edge cells. Maximum power condition is shaded in blue........ 79
Figure 3.15Pchai Protaiionaxis) for all cells in series (a) and edge cells in parallel pairs

(b). Black line is the 90% contour (compared teedis).............. 80



14

Figure 3.16 Comparison between an enfoee mirror (top) and a mirror with 4mrad
rms Gaussian scatter (bottom). (a) is the irradiance map on the receiving
surface (same scale as Figure 3.4). (b) is the Pdduclarve indicating
geometric concentration over all 28€lIs.................ccooviiieernnnn. 81

Figure 3.17: The effect of tilt (top), astigmatism (middle), and quadrafoil (bottom),
each scaled to give 2mrad rms slope error. Sag maps (left column) are
in mm with each color map scaled to th& lPange. Irradiancenaps
(middle column) have the same scale as Figure 3.4. R$éumoves
(right column) with absolutBchain’ Protai(no errors)e...vvveivveriiuieeiinnnens 82

Figure 3.18: 1m EFL dish (1.65 m x 1.65 m) and a spherical detector of radius
L 2BIMIMc e e eeaaa 84

Figure 3.19: Geometry for a curved receiving surface............ccccccoeeveeeeen. 84

Figure 3.20: Curved lenslet array ("inverted fly's eye™) with smooth outer si@ace.

Figure 3.21: Curved lenslet with corresporgiball lenses and cells.............. 87

Figure 3.22: Top: Curved lenslet array with corresponding ball lenses and cells.
Bottom, left: Single lenslet quadrant. Bottom, right: side view88

Figure 3.23: Sorted fludistribution (W) on all 400 cells for eaxis illumination
(black line), 0.8 tracking error (dashed blue line), and 0.#acking
error (dashed red liNe).........cccuuiiiiiiiiiii e 89

Figure 3.24: Optical throughput (without Fresnel losses) vs traeknog......... 90

Figure 3.25: Offaxis 1m EFL dish and freeform receiver on 126 mm receiving
SUITAICE. ..ttt e e et e e e e e 91

Figure 3.26: Irradiance distribution on R=126 mm surface (left) and freeform lenslet

for equal flux distibution (right)...........cccooiiiiiiiiiiieeee al



15

Figure 3.27: Two views of the freeform lenslet array, ball lenses and.cell©2

Figure 3.28: Sorted flux distribution (W) on all 400 cells foraois illumination
(black line), 0.8 tracking error (dashed blue line), and 0.#acking
error (dashed red liN@).........ooeeeeiiiiiiiiiiieee e 93

Figure 3.29: Optical throughput (without Fresnel losses) vs tracking .error94

Figure 4.1: LCOE breakdown of CSP trougld @entral receiver plants (ARPA,

Figure 4.2: Component cost reduction roadmap for CSP central receivers{ARPA
2014). Note that this component breakdown distributes O&M and
indirect costs to each plant component (Figure 4.1 does.not).96

Figure 4.3: North and south field obliquity loss comparison...................... 97

Figure 4.4: Obhuity factors for a circular field at noon on the winter solstice,
equinox, and summer solstice. Red (unity) isHoss.................. 98

Figure 4.5: Inner and outer field solar image compariSOn...........ccc.cee...... 99

Figure 4.6: ajsemasolar plant (Sevilla, Spain). b) llluminated receiver. c) Stepped
down photo of receiver showing spillage. Photos courtesy of Blake
COUGNENOUL. ... eeeee e 100

Figure 4.7: Heliostat packing density in central and outer field sitévanpah

Generating Station (Google, 2015)........cccvvvviiiiiiiiiieaneeeeeenn. 101
Figure 4.8: Rotation of a mirror array about the central receiver............. 102
Figure 4. 9: CTAEROGs Variable Geld2netry Sol

Figure 4.10: 4Pannel mirror array with 552 individuatprticulated mirror elements.



16

Figure 4.11: Angle between mirror vertex and unique, tilted tracking axis (left).

Visualization of oveisized mirror egments with normal vectors and

tilted tracking axes. (sd@tps://youtu.be/tM3uFVbfksE............ 105
Figure 4.12: Residual tracking error for Tracking Case.2.........cccccccee..... 106
Figure 4.13: Foupannel mirror array in operat (left) and stowed for high wind,
maintenance, cleaning, or installation (right). Rendering courtesy of
Justin Hyatt, M3 ENQINEEIING.......coeviviiiiiiiiiiiiiiceeeeeeeeeeeee 108
Figure 4.14: Ray tracing results of 5&flector array illuminated at 3&olar
ElEVALION. ......uiiiiiiiiiiiiie e 109

Figure 4.15: Obliquity factor comparison: rotating field (left) vs. fixed field (right).

Figure 4.17: Ray tracing simulations from various perspectives............. 113
Figure 4.18: Singlpanel proofof-concept with photometric screen receivkt4
Figure 5.1: CSP trough plant I0SSES. ... 116
Figure 5.2: SPV conversion losses by wavelength band......................... 117
Figure 5.3: Sunlight to AC electricity conversion efficiency by wavelength t\Si
(black line) and CSP trough (gray line). Dichroic filtani indicated
with dashed lines. (Yu, Fisher, Wheelwright, Angel, & Holman, 2015).

Figure 5.4: Detail view of spectral response of glass trough with conformally

laminated dichroic film and Si heterojunction cell.................. 119



17

Figure 5.5: PVMirror in the visible spectrum (top) and NIRRspectrum (bottom).
Background image adapted from (Gossamer Space Frames,12012).
Figure 5.6: PVMirror loss mechanisms by wavelength range................. 121
Figure 5.7: Top: incidence angle contours as a function of solar skew angle and
distance from the vertex. Bottonf: &nd55.7 skewcases........ 122
Figure 5.8: Modeled performance of ald§er bandpass filter (T/Si0y).....123
Figure 5.9: Normalized eaxis performance of 4RBwyer dichroic scaled to the
AML1.5 spectrum. Red is transmitted sunlight...................... 124
Figure 5.10: Prototype coating performance for two films. rAge transmission
(black line) and min/max range (red) from 25 measurements across film
10 | = Lo = 125
Figure 5.11: Early PVMirror prototype making a line focus (left) and viewed at

glancing incidence (left). Photos courtesy ofridah Lab (ASU)126

Figure 5.12: OfBun testing of a PVMirror prototype..........cccccvvvveeeeeiiennee. 127
Figure 5.13: Reference cell scalegand OASIS global irradiance............. 128
Figure A.1: Roll forming machine design (left) andoaslt (right)................ 132
Figure A.2: 80x80 sheets of 0.250 B270 sl

releases tested include graphite (left) and Boron Nitride (middle). A
lens array after slumping (NMght).........ooveiiiiiiiien, 133

Figure A.3: Magnified images of a cusp between two unpolished banana lens
segments. The pits are the result of mold release agents used between
the heated glass and stainless steel mold......................oeee... 133

Figure B.1: Linescanning measurement system(left) and simulated rays to show a

single measurement cressction (right)...........ccccvvvvviieieiinennns 134



18

Figure B.2: Long exposure photos of kseanning laser measurement sysi&s.

Figure B.3: Laser line mechanical mounting..............ccccuvvvvvimemncnnnennnnnne. 136
Figure B.4: Partially aligned laser liN@............ccccooeiiiiiiiiccciiiiiiiiee e 136
ABSTRACT

Notwithstanding several years of robust growth, solar energy still only accounts
for <1% of toal electrical generation in the US. Before solar energy can substantially
replace fossil fuels subsidyee at utility scale, further cost reductions and efficiency
improvements are needed in complete generating systems. Flat panel silicon PV modules
are by far the most dominant solar technology today, but have little room for
improvement in efficiency and are limited by balance of system costs. Concentrated PV
(CPV) is an alternate approach with letegm potential for much higher efficiency in
sunny clmates. In CPV modules, large area optics collect and concentrate direct sunlight
onto small multjunction cells with >40% conversion efficiency. Concentrated Solar
Power (CSP) uses mirrors to concentrate sunlight onto thermally absorbing receivers,
which generate electricity with convention thermal cycles.

In this dissertation, four new optical approaches to CPV and CSP with potential
for lower cost are analyzed. Common to each approach is the use of large square glass

reflectors, which have very loweal cost (~$35/f) and fieldproven reliability in the
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CSP industry. Chapter 2 describes a freeform toroidal lens array used to intercept the low
concentration line focus of a parabolic trough to produce multiple high concentration foci
(>800X) for multi-junction cells. In Chapter 3hreeembodimentf dish mirrors and
freeform lenslet arrays are explored, including anasfis system.In each case, a dish
mirror illuminates a freeformehslet array, which divides sunligagually to asparse
matrix d multi-junction cells. The ofaxis optical system achieve$-0.45 acceptance
angle and averages 1215X geometric concentration over 400-jumgiion cells.
Chapter 4 proposes a new architecture for CSP central rectaeeshieves extremely
high cdlection efficiency (>70%) with unconventional heliostat field tracking. In
Chapter 5, the design and preliminary testing of a speesplitiing hybrid PV/thermal
generator is discussed. This system has the advantage ein'dcapability in existing

CSP trough plants and allows for thermal storage, an important mitigation to the

intermittency of the solar resource.
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CHAPTER 1: INTRODUCTION TO THE SOLAR RESOURCE

The pervasiveness of human impact on water, carbon, and nitrogen cycles leads
many scholes to suggest that B is now in a new epoch, the Anthropocene, or Age of
Humans. As human civilization continues to consume more energy, the use of
conventional sources becomes untenal@enlight isby far the most abundant energy
source available tanankind. This chapter introduces the solar resource and current

methods of solar generation with concentration.

1.1 SOLAR SPECTRUM AND GEOMETRY

In the absencef@atmospheri@absorption, the solar spectrurary nearly matches
thespectrum of &000K blackbody The sol ar spectrum reachi ng
according to atmospheric conditomsnd t he obl i quity of the
atmosphere. Sunlight from zenith (straight up) passes through one air mals [
to the curvature of he Eart hdés at mosphere, the effect

S u nzénith angle from vertical— (Kasten & Young, 1989)

60 S S = (1.1)

AMO refers to theextraterrestriakolar spectrunra bove Eart hds at mos
resembles the emissi@pectrum of a 5778Klackbodywith known Fraunhofer lines
from elemental absorptionAM1.5, a standard spectrum usiadthe PV industryrefers

to the solar spectrum after passing through the atmosphere at an obliqui3.8ft
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Figure 11 plotsthree differensolar spetra@ | cul at ed wi t h NRELGOS
Atmospheric Radiative Transfer of Sunshinbl@RTS). AMO, AM1.5, and AM10 are
plotted using the saméefault turbidity, humidity, temperature, and other aspheric
parametergsee Appendix A) AM10 correspnds to a solar elevation of only*@&bove

the horizon a common lower limit in solar fields. AMI18 significantly redshifted
compared to the AM1.5 spectruniNote thatFigure 11 only showsthe direct sunlight
componentor direct normal insolatiofDNI). SeeSection 1.Zor a full discussion of the

direct and diffuse components of the solar resource.
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Figure 1.1:Solar spectrdM0, AM1.5, andAM 10.
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On average, the solar disk subtend® 266 when viewed from EarthFor the
purposes of this work,igfher order effects such as the variable E&utih distance can be
ignored. Site latitude is the most important driver to the variations in solaagats the
sky. In northernlatitudesabovet he t opi ¢ 28.%59, tikeasancrises on(tlie>
summer elstice to the northeast, transits to the south of zenith, and sets in the northwest.
Between tle fall and spring equinox, theul is always in the southern skyansiting
from the southeast to southwesFigure 1.2 gives an illustration of the solarthpan

azimuthelevation space for a typical site at northern latitudes.

N (0°)

N

Summer Solstice
| Sunset Nojon Sunrise _|

W (270°) [ E E (90°)

*

5(180°) "Suns?t Noon SLf‘nrise
Winter Solstice

Figure 1.2The solar path for a typical northern latitude

A detailed understanding of the orbital geometry efEarth/Sunis not required
to design solar concentrators. Itsisfficient to understand the boundary conditions for a

given site.
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1.2DIRECT VS DIFFUSE RADIATION

Direct sunlight, or Direct Nor mal | nsol
surface from a directiothatcan be traced back to the apparent pasitf the solar disk.
In reality, direct sunlighdoes not take a straight path as it refrlmtsugh various layers
of the atmosphere. Diffuse sunlight reaches the ground from an angle outside the solar
disk. On a cloudree day, the largest sourcediffuse sunlight is the blue sky, caused by
Rayleigh scattering. On hazy or cloudy days,difieise sunlight componeid less blue.
Figure 1.3compares the annuallyveragedsolar resource (black dashed line) and the
fractional diffuse contribution (be line) for a variety of observation sites in the US
(ARPA-E, 2014) Note the general trend that lowessource areas, such as Seattle,
receive a greater fraction of sunlighiatis diffuse. However, @en in famously sunny
sites like Tucson and Las Vegas, diffuse sunlight accounts for >20% of the total solar
resource, averaged over the year. The implication of this significant diffuse fraction for

concentrating systems will be discussed in greater det@thaptes.
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Figure 13: Solar resourceand percetage diffuse contributio(ARPA-E, 2014)

1.3 TRACKING , CONCENTRATION , AND ACCEPTANCE ANGLE

Mechanical tracking increases thetal solar resource collected on a given
aperture. Non-trading collectors, such amost roofmounted PV systems, are usually
south facing (if in the northern hemisphere) and tilted according to latitude. Where
adjustments areractical the tiltangleis optimized to maximize the solar resource while
accountingfor seasonal energy needs, local climate, soiling, and potential snow loading.
The azimuthal angle of fixetlt modules may also be adjusted to boost morning output
(easern bias) or afternoon output éatern bias). Without tracking, only very modest
concentration is possiel An absolutely fixed concentrator which operaggght hours

per day may only achieve ~4X concentratadrdirect sunshine while losing most diffuse
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radiation(Winston & Zhang, 2010) Since only modestoncentration gains are possible
without tracking, nortracking modules usuallyo notincorporate concentrator optics

Adding a single axis of tracking increases the maximum 2D concentration to

where thereceiveris immersed in a media of indexand the concentrator has
half-acceptance anglé, (Winston, Minano, & Benitez, 2005)

Optical acceptance angles usually definedas the angular range over which a
concentratomaintains 90%optical powerthroughput. However,Equation 12 assumes
100% throughput To reach this theoretical maximum, the recemeist be illuminated
from a full hemispherical dome. In practice, targleimination at glancing incidence is
avoided due to poor anteflection coating performance ediis.

Concentrators with generous acceptance angles have the benefit of allowing
coarser (and cheaper) mechanical tracking/hile Equation 12 is the theretical
maximum 2D concentration possible, practical optical systems are not aplanatic, have
inherent optical losses, and usualty notilluminate target at high incidence angles.

Singleaxis module tracking can take on multiple configurations, thestmo
common being rotation about a pekdigned axis (tilted by latitudey@bout a horizontal
axis with northsouth orientation. Trackmn about a horizontal axis with easéest
orientation is also common, although this configuration is not consideredbbeause
the annual collection efficiency is comparatively lIoNREL, Solar Radiation Data

Manual for FlatPlate and Concentrating Collectors 19990 Average, 1990)
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Figure 14: Three common tracking schemesial axis, par aligned single axis, and
horizontal northsouth aligned single ax{Vheelwright B. , Angel,

Coughenour, Hammer, Geary, & Stalcup, 2014)

Figure 14 illustrates the ability of three different trackers to maintain a madule
alignment with the sun. The raliggnment of the module vectdr, and sun vectoi Hior
three different tracking schemissdepicted for the seasoraid diurnalextremes Dual
axis tracking(left) maintains alignmento the sunall day, yearround. Singleaxis
tracking about a polaaligned axis (middle) maintains nearly perfect alignment on the
equinoxes, but the incidence angle grows te23:6° on the solstices. Singgais
tracking about a horizontal axis oriedteorthsouth (right) results in a much larger range
of incidence angles, dependisggonglyon latitude. On the equator, polaxis tracking
and horizontal nortisouth aligned axis tracking are identical. Horizontab acking
gives an incidence angtange bounded by tleimmer solstice sunrise/sunset,

i i QEOEDAA, (1.3)

and noon on the winter solstice,
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7 s -, (14)
where- ¢ @&J, the declination of EartiCooper, AmbrosettiPedretti, & Steinfeld,
2013) At Tucson, AZ latitudee( o &J) thisgivesinT U &J at noon on the
winter solstice. Due tothe very largewinter solstice noofincidence anglean aperture
tracked on a horizontal 1S axisate o &J will receive only 56% of direct sunlight
compared to the same afure tracked on two age The annuallyintegrated solar

resource for each tracking embodiment in Tugcgdhis shown in Table 1. Although
losses are severe oretlwinter solstice, the annlyalaveraged collection efficiency of

horizontalN-S tracking is quite good,99% of full dualaxis tracking.

Table 11: Solar Resourcby tracking type in Tucson ANREL, Solar Radiation Data

Manual for FlatPlate and Concentiaty Collectors 19611990 Average, 1990)

Average Daily
Resource % of DualAxis
Tracking Scheme (KWh/mé/day) Resource
Fixed Horizontal0°) 5.7 64%
Fixed Tilt (Latitude) 6.5 73%
Single Axis (Horizontal NS) 8.0 90%
Single Axis (Equatorial 8.6 97%
Dual Axis 8.9 100%

Remarkably, duaaxis tracking provides only a modest increase in sunlight
collection over singlaxis tracking arrangements. However, dadb tracking allows

full 3D concentration, limited b§Winston, Minano, & Benitez, 2005)

5 5 2—. (15)
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It is clear that high concentration solar modulesort todualaxis tracking to
increase concentration, not to collect more light. The modest addititsddtion is a

fringe benefit thats more than nullified by thmevitableloss of diffuse light.

1.4 CONCENTRATOR PHOTOVOLTAICS (CPV)

ConventionalPV panels, such as Silicon or CdTe, have a single bandgap. Any
photon absorbed above the bandgap will generate the same ¢arsergle electroole
pair) regardless of t hileandgdap photomniagbe eomverted y .
with very high efficiency (>50%), whiligherenergyphotons far from the bandgap will
be converted at low efficiencyvith the remaining engy absorbed in the cell as heat.
Subbandgap photons do not produce current and are either absorbed as heat or are
reflected back out the cell.

Concentrator Photovoltai€€PV) modules attairmigh solar conversiorfficiency
through the use of muljunction PV cellsand concentrating opticdVulti-junction (MJ)
cells divide the solar spectruso thatmore photons are nehandgap. By vertically
stacking the junctions withighest bandgap on top, the layefectively split sunlight
into discrete spectms. Figure 1.5from (Fraunhofer ISE, 2015)epictsthe propagation
of the solar spectrum throughsmnglejunction andthreejunction cell. Note that in a Si
cell, most photon energy is lost to thermalization in the visipeetsum (386780nm)
because these photons have energies much higher than the bandgagunbtidti cells

reduce thermalization losses by converting visible light at nearby bandgaps.
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Figure 15: Sinde- vs. Multi-Junction PV cellgFraunhofer ISE, 2015)

Multi-junction PV cells are currently very expensive per unit a\débth dual
axis trackingand largearea opticshigh concentratior(>1000X) is possible, reducing the
$/Watt cost contribution from the cellsThe hisbrical progress of research cell record
efficiencies in Figure1.6 and 1.7suggests that efficiency gains in MJ cells will continue.
Figure 1.7 shows the expected increase in CPV cell, module, and system efficiency.

System efficiency includes eéBun loses such as parasitic loads (tracking, cooling, etc.).
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The CPV industry faces several challenges. First, CPV modules have the added
complexity of largeareaoptics, smallerarea secondary opticduataxis tracking, and
cell thermal management. Second, concentrating systems do not capture the diffuse solar
component. Even in higBNI locations, this loss is greater than 20pér Figure 13.
To edderv en 6 a g eendrSaidon naoduke witht21.5% efficiency, a CPV module
would have to convert direct sunlight wit7.9% efficiency in Tucson, or 35.8%
efficiency in Miami. This assumes that both the Si module and CPV module are on the
same duabxis tracker. Of coursetraditional PV modules havéhe addedflexibility of
requiring no tracking.

However,CPV also hasseveralredeeming features thatay allow it to prevall
over other technologies high-DNI markets First, concentrating optickawe the
potential forlow areal cost Second, MJ cell efficiencies continue to rise, making CPV

module efficiencies more compelling especially in spamestrained sites.

Figure 18: Commercial approaches to CPV by (a) Sdojtestec.corf, (b) Semprig

[semprius.cofy and (c) REhnfIREhnu.cor.
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As shown in Figure 8, there are various optical approache<R/ including
refractioridiffraction (Fresnel lens arrayFigure 1.8% refraction (ens array Figure
1.8b), andreflection(Figure 1.8c) Each 6the optical systems above incledefull-area
primary optical element (POBEat receivesunconcentrated sunlightind a subarea

secondary optical emeent(SOE)thatreceives concentrated sunlight from the POE.

1.5 CONCENTRATED SOLAR POWER (CSP)

Concentrated Solar Power (CSRystemsconcentrag direct sunlight onto
absorbingthermal receivers. These receivers then convey a heated fluid to a thermal
block, where electricity is generated via a Rankine, Brayton, or Stullivgn generator.
Since GP plants drivemechanicalgenerators, the output is AC and requires no
inversion. Due to the availability and high efficiency of very large steambibes for
conventional coal andatural gas fire plants, CSP plants are usually implemented at large
scak (>50MW).The most common CSP architectyréspicted inFigure 1.9, are central
receiver, trough, linear Fresnel, and dish Sterlirf@SP is of particular interest to power
utilities due to the potential for thermal storage. By storing excess daydabénhtanks

of molten salt, a CSP plant can continue operation after sunset.
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The 280MW Solana Geneating Station in Gila Bend, AZ (Figure 1.13) an
example of statef-the-art CSP trough technology. The full trough aperture is over
2.2kn¥, greater than atturrentworldwide CPVcombined. The plant includes diours
of molten saltstorage to allow continued operationhigh-demand evening hoursThe
substantial cost incurred by molten salt storage is justified by the increased value of
electricity during peak evening hours.ar ge ener gy consumers are
u s e 0Oe sghedule that accounts for varying demand. To the uglégiricity produced

during leak loads has more value than during low demand.

Net load - March 31

28,000

26,000

24,000

22,000

2012

20,000 [actual)

£
% 18.000 2013 (actual)
=
16,000 2014 ramp need
~13,000 MW
14,000 in three hours
2019
12,000 ) / 2020
overgeneration
10,000 5
risk

12am Jam 6dam Qam 12pm 3pm épm Fpm

Hour

Figure 1.1 ADuck CaaliforngatsO (Califormia 1ISO, 2013) As daytme PV
generation increases, conventional sources must ramp up production more quickly in

evening hours.
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The famous fADuck Curveo rel®dustattsaby
grid management challenge inherent wiigh market penetration of coantional PV.
As daytimePV takes on a larger fractioof total generation, the ramp rate required of
other sources as the Sun sets becomes ste@paholm and Meho@enholm & Mehos,
2011) have modeled daily generation disga curves in California for increasing PV
penetation cases. Summer is a bease scenario thanks to long days and high demand
during daylight hours. Spring loads (Figure 2).Jare notcomplementaryto large
daytime generation, leading thigh ramp raés and potential overgeneration for PV

penetration over 5%.

35,000
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30,000 A A A OGas
Turbine
O Pumped
25,000 A Storage
B Hydro
g 20,000 B Combined
— ICycle
c B Imports
.g 15,000 P
E O Coal
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F O Geo
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\// Exports
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(no PV) PV Penetration and Hour

Figure 1.2: Simulated generation on a spring day in California for four PV penetration

casegDenholm & Mehos, 2011)

Cal
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CSPwith storage behaves more likebaseload generator and has the potential to
mitigate severe ramp rateslowing greater PV market penetratii»>enholm & Mehos,
2011) Chapter 5 will discuss a hybrid PV/thermal aggeh thatakes advantage of the

high eficiency of PV andhermal storagef CSP.
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CHAPTER 2: TROUGH-BASED CPVWITH FREEFORM SECOND ARY OPTIC

As discussed in &tions 1.5 and 1.6, CPV and CSP each have individual
strengths, but struggle tmmpetein a market dominated by flgianel PV. This clpter
describes an optical approach tlcatmbines the fielgoroven reliability and low cost of
CSP trough mirrors with the high efficiency of MJ cell&SP trough mirrorswhich are
2D concentratorsyill be usedon dualaxis trackers which are usuallyeserved for 3D
concentrators. By adding novéeeform secondary optics, the final optical system
achieves CPMevel concentration. In addition to this work, ee (Wheelwright, Angel,

& Coughenour, Freeform lens design to selei 1000X solar concentration with a
parabolic trough reflector, 2014hd(Wheelwright B. , Angel, Coughenour, & Hammer,

Freeform solar concentrator with a highly asymmetric acceptance cone, 2014)

2.1 TROUGHS ASPRIMARY ELEMENTS IN 3D CONCENTRATORS

Parabolic trough mirrors, produced in large volume @8P plants are not
themselvesapable of achieving the high concentration required to economically drive
triple-junction PV cells. In typical rough CSP plantgff-axis 2.7 backsilvered glass
segments illuminate vacouinsulated absorber tubes tlwinvey heated oil to eentral
thermal power block. Almost all CSP trough systenae tracked about a horizontal
north-south oriented axis. As discussed previously, this traclscheme results in a
continuously varying skew incidende, which shifts the line focus longitudinally and

results in an obliquity factor.
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primary trough
concentrator

plane

Figure 2.1: Left: View of Solana Generating Station from Interstate 10. Righghtrou

reference planesdm (Cooper, Ambrosetti, Pedretti, & Steinfeld, 2013)

Recall that theskew incidence rangen a trough tracked about a horizontaSN
oriented axis is bounded ltlye summer solstice sunrise/sunset,
T i QEOEDAA (2.1)
and noon on the winter solstice,

T 3 -, (2.2
where- ¢ @&J, the declination of Earth, andis thesite latitude (Cooper, Ambrosetti,
Pedretti, & Steinfeld, 2013) At Tucson, AZ latude ¢ o &J) this results in
LU &J at noon on the winter solstice. One consequence of skewed illumination of a 2D
concentrator is that the apparent source size increases. In this case, the angular width of
the sun is dilated, according Bendt, 1979)

OEL OEL  OAA. 23)
Thus in Tucson AZ on the winter solstice noon, the solar disk

@ @ @ Wwould subtend— @ X ¢when pojected onto the plane of 2D
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concentration (transverse plane). This effect requm@sgh concentratas to have a
larger acceptance angle, which reduces the maximum possible 2D concentration
(Equation 1.2.

The acceptance angié a CSP trough conceator can be scaldaly adjustingthe
diameter of the thermal receiver, whifdr full collection must be sized to intercept the
skewdilated solar image convolved with optical and tracking errors. When these errors
are combined, typical receivers operat ~30X concentration, averaged over the
circumference of the absorber tub&hree tracking schemes for parabolic troughs are

shown in Figure 2.2.

Figure 2.2. Fousegment, F/0.5 parabolic troughs, tracked about two axes (left), a single

polaralignedaxis (mddle), and a horizontal nor$outh axis (right).

The maximum skew anglg,, is greatly reduced with equatorial tracking
C@&®JT ¢@&J One priorCPV design takes advantage of the limited skew
incidence range from polaxis tracking by introducing CPC reflectors along the line

focus(Brunotte Goetzberger, & Blieske, 1996Yhis CPC array, with acceptance angles
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just above 23%5in the axial planedivides the mediuraconcentration line focus into a
series of 300X foci.

In other prior work, moving secondary optics have beproposed nar the line
focus of parabolic trough tracking about horizontal or polar axigDi Vinadio &
Palazzetti, 2011)(Cooper, Ambrosetti, Pedretti, & Steinfeld, 2013)CPV level
concentration (500X) requirestwo degrees of tracking freedom which these systems
achieve by omplementing singlaxistrough tracking with laterallyranslated cylindrical

lenseqFigure 2.3apr actively tilted CPC elemen(Bigure 2.3b)

b receiver I‘/\ :T<:,\'
YIRS

secondary inlet _

aperture i :
array of tracking
nonimaging

N
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7 secondaries
@ ~
. “ . v
primary \\\-\ primary trough

focal line concentrator

Rt
O AR S

38 = tracking

axis

Figure 23. Prior art: (a) cylindigal lenses along the linear fodd Vinadio &
Palazzetti, 2011)b) rotating asymmetric CPCs along the linear fd€imoper,

Ambrosetti, Pedretti, & Steinfeld, 2013)
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The work described in thishapter takes a different approach to trough mirrors.
Let us consider using trough mirrors as the primary collectors in CPV moduthsabn
axistrackers. The naturacoursewould be to us@ish mirrors with dualaxis trackers to
provide readyto-use hgh concentration. However, dish mirrors do get enjoy the
established supply chain of trough mirrors, which are already produced in huge volume
commercially for ~$35/m If they can be adapted for high concentration, CSP trough

optics couldactas alow-cost high reliabilityprimary optical element

2.2TWO-STAGE ORTHOGONAL CONCENTRATION : SECONDARY OPTICS DESIGN

Trough mirrors only concentrate sunlight in the transverse plane, leaving incident
sunlight unconcentrated in the axial plasee kgure 2.4). By introducing an array of
secondary optics near the linear focasecond stage of concentratisrallowed in the
axial plane, forming multiple regions of higher concentratidhe trough illuminates the
secondary opticen the transverse pla over a constant angular range, set by the rim
angle.

The system described here is tailored for gua$ tracking, a condition that
nearly eliminates skewed incidence. High concentration is achieved through two
successive, orthogonal steps (Figurg, 2ight). First, the trough produces a medium
concentration line focus, coincident with the axial plane of the trough. An array of
secondary lenses intercepts this cylindricalbnverging sunlight below the line focus.
These lenses have the tgonensonal cross section of a plagonvex lens, extended

into a toroid by rotation about an axis parallel to the line focus. The conventional
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cylindrical and spherical lenses of previous desi@bis Vinadio & Palazzetti, 2011)
limited the maximum rim angle. However, since the toroidal lens array wraps around the
line focus, ray bundles from different rim angles see approximately the same optical
power along the arc of the toroid. This avoids the severe Petzmeature inherentni

cylindrical or spherical lenses.
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Figure 24. Trough crosssection in theransvese plane (lejtand axial planenfiddle)

detail of secondary optics cressction (right).
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Figure 25. Left: Aninnersegmenparabolic trough mirroon a dualaxis tracking at

The University of Arizona.Right: A parabolic trough and freeform secondary lens array.
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Figure 25, left, shows an F/0.5 parabolic trough on a d¢ua$ tracker afThe
University of ArizonaBear Down Solar Test Facility These are inmesegments from
industrystandard solar thermal trougfis7m focal length) CSP troughs are usually four
segments wide, with an inner and outeraffs parabola on either siadg the thermal
tube The twostage concentration approach is shamith spli scale in Figure 2,5ight.
Figure 26 is a detail view of a trough line focus without any secondary optics (left) and

with a toroidal lens array (right).

Figure2.6: Line focus with and without interception by toroidal arc lens array

This system requiresdense linear array of MJ cells, arranged in highly elongated
strips. Cells from each strip are not uniformly illuminated, and are thus wired in parallel.
This concentrator cannot be considered nonimaging, since the two orthsigayes form
a highly elongated, and aberrated, solar image. Thisstage concentrator is thus highly
anamorphic, with an aspect ratio of ~25:1, the ratio of the trough and toroidal lens focal
lengths.

In thedesign case chosen here,”A.5 mirror wih 1.7m focal length is paired
with a toroidal arc lens with 25m lenticulations. The cell strips are 2¥n wide and

34.5mm or 43.2mm long, for 1000X and 800¥eometric concentratioembodiments,
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respectively. Each cell strip is composed of manglker cells, arranged in a row and
wired in parallel.

Since the cell plane of Figu@6, right, is illuminated by a series of elongated
solar images, the system is sensitive teaodb pointing. Any tracking or optical errors

displace and aberrate tlselar image Tracking errors may be decomposed into two

dimensions: errors in the transverse and axial plgfigare2.7).

Sun

/— Rays\\)

=y

Axial Plane Tracking Error Transverse Plane Tracking Error

Figure2.7. Effect of tracking errors in the axial and transverse planes.
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In the axial plane, tracking errors result inoaditudinal shift in the trough line
focus. Toroidal arc elements intercepting this shifted focus thus getaterally shifted

solar foci, as shown in Figus.
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Figure2.8: Displacement of line foci caused by tracking error in the glaie.

In this dimensionK™ hl er stabilization is readily
lenses(Figure2.9). Tapered glass funnels bonded to directly to the cells could also be
used to catch oféixis light, but rod lenses have manufacturability advantaldesy can
be drawn without grinding/polishing and are not directly attached to tre selthermal
mismatch is not an issueThe elongated solar images produced by the trough and
toroidal lens array are centered within the rod lenses, which stabilize a reatangula
illumination pattern on the cell stripghis 2D, linef ocus K™ hl er 11 1 umi na
related to the 3D schemes thhave been implemented in pofiocus systems
(Coughenour, Stalcup, Wheelwright, Geary, Hammer, & Angel, 201 )2D, the rod

lenses image the gds of the toroidal arc lenticulations to the long cell strip edges. As
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the illumination angle in the axial plane varies due to tracker error, the salafdomed

by eachtoroidal lenslenticulation shifts laterally within the diameter of the rod lens,

which stabilizesa solamon-imageon the cell strip.

Figure2.9: Left: Rays from an F/0.5 trough propagating througbraidal lens array
with rod lens tertiaries. Right: Cressctional views of a toroidal lens array with rod lens

tertiaries for omaxis and offaxis illumination.

With the rod lenses included, thazimuhal acceptance angle increases
dramatically, giving the highly asymmetric performance shown in Figu@ This
figure plots one quadrant of the acceptanceeasgace, with the 86 optical efficiency
regionshaded green. This optical efficiency already includesr&d RMS slope error
from the trough mirror, but not the solar radiughis representation allows direct
comparison to the solar disk, overlayedyire | | o w. Rod | ens K™hler

operates in the azimuth@lxial plang direction, causing a highly asymmetric acceptance
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angle. Thus, at 1000X average geometric concentration, this system barely

accommodates the sun in the elevation direction

Optical Acceptance Angle: 1000X Avg. Concentration

Elevation Error (deg)
o
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: : i i i
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Figure2.10. One quadrant of the acceptance angle space is plotted for cell strips sized
for 1000X and 800X average geometric concentrgii@heelwright B. , Angel,
Coughenour, & Hammer, Freeform solar concentrator witlglalyheasymmetric

acceptance cone, 2014)

The optical acceptance angle data showRiguire 2.10 was generated witAPL
macradriven nonsequential raytracing in ZEMAXWhen the cell strips are sized for
1000X average geometric concentration, the ptecee anglén the azimuth direction is
+1.49°, sufficient to allow for the solar disk, optical errors, and tracking errors. In the

el evati on directi on, whi ch does not benef
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angle is only+£0.29°, barely enoughotaccommodate the solar disk. A reduction in
geometric concentration is needed to allow additional tolerance in elevation. Reduction
to 800X average geometric concentrati@nlonger cell striplincreases the elevation
acceptance t40.33°.

In the trarsverse plane, where thesncentratodoes not benefit from nonimaging
K™ h lillemnation, tracking errors translatee high concentration fodongitudinally
along the length of the cell strips, as shown in FiglwH. This rapid translation

explains the poor acceptance angle in the axial plane (or elevation trackictgpdix.

\ rCeII Strips
- Toroidal

<\Rod Arc Lenses
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Figure2.11. Tracking errorsn the transverse plane

2.3TOROIDAL ARC LENSARRAY FABRICATION

Although toroidal lens arrays are promising candidates for a trough CPV system,
they are not readily produced with conventional grinding/polishiAgprototype rolt
forming machine was built to prove a path to high volume productiomo rollers, one

flat and anothecontaininggrooves which have the inverse profile of the desired lens
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array, are rotated while a heated glass or plastic platesgepdetween themAs the
plate passes between the rollers, it deforms to take the shape of the grooves. The
secondary curvature is accomplished by rotating the rollers with a differential radial
velocity, which induces a shear in the materidlpart from the differential shearhé¢
processis very similar to that used to produce fluted glass windows. For the first
prototypesB270 glass lenses were produced by slump molovsg the ribbed cylinder.
Subsequent cylindrical grinding/polishingave the ater smooth finish. The surface
quality of the roliformed and slumped lenses has been limited by the grain size of the
boron nitride and graphite mold releasgsee AppendixB). Subsequent polishing
removes residual hazelowever this step should be amt®d in a costonscious system.
The lenticulations are inwaifdicing so that the environmentally exposed outer surface is

easier to clean and less lively to collect dust.

Figure2.12. Left: austom roliforming machinéuilt by The University of Aizonato
formtoroidal arc lens arrayRight: SlumpmoldedB270 toroidal lens array, with

inwardf acing 10 |l enticulations.
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The surfaces resulting from the slump and-falined process above are not
imaging quality. However, they are sufficient faon-imaging concentratordue to the
tolerance provided by th& ™ h logtics The inset photo in Figur2.13 is a long
exposure of a B270 toroidal arc lens array illuminated by two laser fans separatéd by 90
while white paper is translated through focus. The two ray fans simulate illumination
from the trough rim. The additional concentration provided in the axial plane by the

toroidal lens is apparent.

Figure2.13. lllustrationof an F/0.5 parabolic trough and leegposure photograplt a
B270 toroidal arc lens array illuminated by two laser faed,and green, separated by

90° to simulate illumination from opposite sides of the trough
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2. 4LIMITATIONS OF CURRENT PARABOLIC TROUGHS

The ray tracing analysisf Section 2.2accounts for 2Znrad RMS slope error, a
target readily achieved in commercialughs. However, this error was modkigith a
Gaussian spread centered on the specular belamreality, fabrication artifacts in
commercial trough mirrors lead to highly anisotropic optical errors. Figudeshows
the slope errors of an innsegmenttrough mirror as measured by the manufacturer
RioGlass with a contracted metrology system EQ)and independently measured by
The University of Arizona with a metrologwystem developed by the author
(Wheelwright B. , Angel, Weter, Stalcup, & Coughenour, 20X8¢e als®ppendixC).

Note that the Xslope errors (the focusing direction) are significantly lower than
errors in the nonrfocusing (Y) direction. This trough segment, ofepresentative
commercialquality, has 16 mrad RMS slopeerror in the focusing direction and 3.05
mrad RMS slope error in the ndocusing direction. In CSP plants, good optical
performances essential in the focusing direction. In the nofiocusing Y direction,
optical errors merely impadhe longitudinal distribution of light along the tubular
receiver. Since the absorbing pipes are largely agnostitetoradiancedistribution,

significant errors in the nefocusing Y direction are tolerated.
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Laser Line: X Slope Deviation [mrad). RMS=1.8038

Laser Line: ¥ Slope Deviation [rrad]. RMS=2.9463
(Positive=normal vector tilted in negative x-direction)

(Positive=normal vector tilted in negative y-direction)
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Figure2.14. Errors in Xslope (eft) and Y-slope (right) for a typical innesegment
trough mirror produced by RioGa. Top measurement set is heTUniversity of
Arizona (see Appendi€) and bottom set is by RioGlass with a contracted metrology

system (QDEC).

Although the anisotipic slope errors shown in Figui&l4 are acceptable for
solar thermal applications, theyill prove problematic iphotovoltaicsystems. Figue

2.15 and 2.5 show raytracing simulations frorm&/0.5 troughusing the measured



53
errors shown in Figur@.14.  Figure2.15 is the linespread function produced by the
trough from a infinite, zeroétendue source. Even after convolving these errors with the
solar disk Figure 2.B), bright caustics are still prominent. These caustics are a

consequence of theriodic ripple artifacts in the neicusing direction.

Line-Spread Function (F/0.5 RioGlass Trough)
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Figure2.15: Line spread function from a simulated F/0.5 trough composed of RioGlass

segments.

Line-Zpread Function Convolved with Solar Disk
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Figure2.16: Line focus (including solar disk) from a simulated F/0.5 trough coetpos

of RioGlass segmentinits are geometric concentration (see discussion below).
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The color scale of Figure Zkhows simulated geometric concentration on a flat
target. Note that trough receiver tubes are 70mm diameter, so the average geometric
concentration over the circumference of the tube is much lower. For example, a six
meter wide trough of 1.7 m focal length would illuminate the tube with an average
6000/(2 *35)=27X concentration.

The simulations above are for zeskew illumination, whichturns out to be the
worst casdor the caustics In high skew illumination, the fan of rays reaching one point
on the line dcus cut across multiple ripple artifacts the trough aperture. This tends to
average out the caustic behavidiowever, the ptical design of Section 2.2 maintains
nearly zero skew with dualxis tracking.

The toroidal arc lens array intercepts the trough line focus, effectively binning the
solar flux into separate linear cell groups. Idealpchecell group would receivequa
illumination and produce the same current. This would allow efficient sesir@section
of the cell groups. Any current mismatch between se&oesmected cell groups
constitutes a direct loss to tlsgstem Either the weakly illuminated cell group Wil
currentlimit the whole series chain, or bypass diodes required to completely cut out
the limiting group.

Using the simulated line focus of Figuzel6, we can divide the irradiance into
longitudinal bins to dtermine the irradiance variatidretween cell groups.Using 254
mm bins, corresponding to the toroidal arc lenticulations previously shown, the flux

variation between cell groups is plotted in Figdr&7. Flux variation is low near the
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center of the line focus because tmest of the ripp artifacts are near the edges.
However, gen after cropping the line focuB0Ommfrom each endo remove the most

severe artifacts, the hot caustic regions still resulBP# flux variation between bins.
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Figure2.17: Linear focusof a comnercialquality troughb i n n e d groupst o 1 0

The irradiance mismatch shown in Fig2:d7 may be mitigated in various ways:
(1) improve trough mirror slope accuracy in the 4iocusing direction, (2) widen the
lenticulations of the toroidal arc lensray, or (3) wire adjacent cell groups in parallel.
The latter two strategies both have the effect of increasingetteetive bin size.
Unfortunately, the current and resistive losses would incia@smmitantly

The 25.4mm lenticulations modeled prieusly are already pushing the boundary

of accetable current. On average, the cell group under leaticulation receivepower

~

0 according to:

0 ®w ® - 0 (2.9
wherew is the lenticulation widthe is the aperture with of the trough, is

the total system optical efficiency, ai@ is the direct normal insolation. Let
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C &80 a,w o84, — Y v PandO p Tt AT Thend X ®. To
first order, we can approximate the tatatrent produced by this cell grod@®, , with
0 0 — jw (2.5

where— is the MJ cell efficiency andb is cell voltage at the maximum

power point. Usng data from (Speetrolabr 2011eb-6 s 1QUPMJ

and @ ¢& @. This gives'O p M0, which is already high. Any further

parallelization would lead to prohibitively large busbars and |éafisare thus lefto
considermitigation strategy (1), improving trough mirror accuracy in the-fomosing
direction.

The major ripgpe artifacts in commercial troughs today result from a rolling
process and subsequent tempering. The University of Arizona and REhnu Inc, supported
by a SunShot CSP grait Advanced Manuf act dBE@OS8Phaol | ec
developed a slummolding pocess which achieves <Linrad slope errors in the
focusing and nonfocusing direction. If implemented at scale to reduce costs, such
troughs would be webuited to drive CPV modules along the line focus.

Theteambuilt a prototype rapiglump furnace (lgure2.18). The furnace rapidly
heats flat glass, which softens and slumps over a stainless steel mold of arbitrary shape.
The process has been proven for both 2D troughs and 3D di8hgsl, Stalcup,

Wheelwright, Warner, Hamer, & Frenkel, 2014)



Figure2.18. Raid-slump prototype furnace ah€& University of Arizona Steward

Observatory Mirror Lalwith a trough mold (a) and a dish mold.(b)

The rapid slump furace has been tested with a trough mold (Figurga2.Anda
concave dish mold (Figure 84). Due to a procedural error during the machining of the
trough mold, glass replicas produced using tmold had figure errors >1 mrad.
However, the repeatability and replication accuracy of the skmwoiging process we
<1.0 mradRMS. The second mold tested with the furnace was a correwthined 1.5
m focal lengthconcavedish. Glass eplicas produced with this mold had exceller@.{<
mrad RMS) slope errors in both dimensionBidure 2.19). We expect that with a

correctlymachined mold, trough mirrors would achieve equivalent accuracy.
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¥-Slope Error [mrad]. RMS=0.63331

-Slope Error [mrad]. RM3=061525
(Positive=normal vector tilted in negative x-direction)

(Positive=normal vector tilted in positive y-direction)
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Figure 2.B: X and Y-slope errors for a slumped In6square dish (1.8 focal length).

Using the slope error map of Figu&19, a linespread(Figure 220) was
producedas if the mirror were a troughrather than a dishConvolving with the solar
disk (Figure2.21), and dividing the flux inta25.4 mm bins (Figure2.22) reveals an
expected current variation of only 6%. This is a marked improvement over commercial

gualitytroughs, which would give at least 25% flux variation.

Line-Spread Function (FA.5 Slurmp-Quality Trough)
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Figure2.20: Line spread of an F/0.5 slurguality trough.
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Line-Spread Function Convolved with Solar Disk (Slump-Guality Trough)
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Figure2.21: Line spread foan F/0.5 slumgguality troughconvolved with the solar disk.

Units are geometric concentration.
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Figure2.22: Linear focusof a slumpquality troughbinned into25.4mmgroups.

In conclusion, the concentration approach of Section 2.2 holds promise for CPV
as long as trough nmors can improve in slope quality by at least a factahadein the
nonfocusing direction. This improvement has been demonstrated at prototyping volume

with a slumpmolding process in a radiative furnace.
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2.5TOROIDAL ARC LENS WITH TRACKING INTEGRATION

Two degrees of tracking freedom are required to reach high concamtiétie
optical system of Section 2.2 assumes conventional altitude/azimuth tradiwever,
trackingmay be decomposed into motions other than the conventional altinimdeth
axes. Trackingntegration maintains the étendpeescribed dual degrees freedom
needed to achieve high concentration, while shifting the mechanical burden from bulk
module tracking to smathotion linear atuation, rotation, or passivelgduced material
changes. Novel trackirigtegrated schemes may lead to lowest CPV/C® optical
systems. Variougpassive and activérackingintegration approaches are reviewed by
(Wheelwright, Angel, & Coughenour, Trackkigtegrated optics: applications in solar
concentration, 2014)

The solar resource ala@ble to a trackingntegrated optical system depends on
the primary, external mode of tracking. The range of incidence angles on the external
aperture likewise depends on the tracking mode. FiguBgphgsthe total solar resource
for two singleaxis tracking modes and the distribution of this resource over the full
incidence angle rangeSee(Wheelwright B. , Angel, Coughenour, Hammer, Geary, &
Stalcup, 2014Jor a full discussion of the computational methods and vabidaof this
distribution. This plot is unique to 32°datitude and Figure 23s a single frame from a

full video showing the latitude dependeffotps://youtu.be/PN1pf5c5ryk
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Clear Sky Annual Direct Insolation vs. Skew Incidence Angle

Dual-Axis Tracking: 3753kWh/mZ/year
Polar Axis Tracking: 3599kWh/mZ/year 935.9% of 2D Tracking
Horizontal N-S Axis: 3330kWh/mZ/year 88.7% of 2D Tracking
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Figure2.23: Integrated amual flux as a function of skew incidence on an aperture tracked
at 32.2 N latitude about polaaligned (red) and horizontal norstouth aligned (blue)

axes See(https://youtu.be/PN1pf5c5ryKor latitude depndence

The two externakingleaxis tracking modes shown in Figure 3.3ive very

different incidence angle rangesimmarized in Table 2.1

Table 2.1: Trackingntegration motion to complemeexternal module tracking

Primary (External Tracking Incidence Angle Rangs

6F2NJ . o Trackinglntegrated Motion
Dualaxis nc Oy 2YNone
Singleaxis (Polasligned) HoDpCF f Linear translation between cells

and toroidal lens
Singleaxis (Horizonta Curved notion between cells and
. -Hy ®MCFf F .
north-southaligned) toroidal lens
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By limiting theincidence angle to onk2 3 . 5 A < . eldt &xist&adkingcam be
complemented with very simple, linear relative motion between the toroidal lens
lenticulations and the cells (Figure 2)2

S

Cells Cells

Cells

T S Y
Card g MJ ey

Cells

On-Axis lllumination S " Skewed flfllti‘m"inétiﬁo:n:
Figure2.24: Lateral motion between cell strips and toroidal lens array allows tracking

over-23. 5A<.<23. 5A, t-adlignedsiegkaxisittackingf r om pol ar

For larger incidence angle ranges, Petzval curvature becomes significant.
Splitting power betweethe inner anduter toroidal surfaces helps, b2t8 . 1 A< < <55 . 7 A
too great a range to maintain performance with only linear motion. Figuses2aRvs
rays traced through a single outwdading toroidal lenticulation from two extremes.

The foci are owhere near the same planéilting the toroidal elements biases
performance to the winter solstice noon caseigure 2.5 shows a tilted element
illuminated over a range of incidence angles fr@®° to +55° and the arc of best focus
(dashed line). Thiss the relative motion required between the toroidal lens and cell

plane.
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INlumination Ilumination from +55°

/ from -26°

Figure 2.5: Lateral motion between cell strips and toroidal lens array allows tracking

over23. 5A<<<23. 5A, tdignedsimgeaxisittackingf r om pol ar
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Figure 2.5: Arc motion required to compensate f&r6 A<« <55A, the resi

horizontal NSaligned singleaxis tracking.



3mm wide rows of cells

AT T

v

Figure 2.Z: Tilted toroidal arc elements illuminag 3mm-wide cell strips. Scattered

light between cell strips is from inactive transition regions between the lenticulations.

Figure 2.8: The tilted toroidal lens array sweeps out an arc motion to compensate for

varying skew incidence.
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While opticall feasible, this trackinghtegrated system is likely too complex for
low-cost implementation. Although horizontédS module tracking is appealing, the
resulting secondary optics have external step discontinthiééwill make fabrication
and cleaningnore difficult. Combining the added mechanical complexity of atrche
motion (twodegrees of freedomfle overall system now employs thidegrees of
mechanical tracking.

Overall, tracking integration to complement pedexis tracking (Figure 24) is
more attractive, since only linear relative motion is required between the lens array and

cell plane.
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CHAPTER 3: DISH CPV WITH FREEFORM LENSLET A RRAY

The premise of the concentrating solution presented in Chapter 2 rests on the
availability of high-accuracy parabolitrough mirrors. The process shown so far to
achieve this qualityslump molding, could instead be used to make arbitrary 3D shapes,
such as dishe@ngel, Stalcup, Wheelwright, Warner, Hammerf&nkel, 2014) Prior
work (Coughenour, Stalcup, Wheelwright, Geary, Hammer, & Angel, 20iay
investigated the use of large-aris paraboloidal mirrors to drive compact CPV modules

(Figure 3.1)

Figure 3.1: REhnu CPV systemA 1.65m square dish mirror drives MJ cells in a

compactK ~ h bptias package.

A very different approach by Semprius (Figure 3uijizes a sheet of glaser
siliconeon-glass(SOG)lendetsto illuminate small secondary optics asdbmillimeter
cells. Reducing the optical unit size has several scaling benefits, including improved

thermal management and the #adaility of innovative wiring(Nielson, et al., 2012)
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However, the Semprius approach stiéquires largearea high-transmission lenslet

arrays.

Figure 3.2: Semprius moduléSemprius, 2012)A square lens array illuminagean array

of small ball lenseseach conjugat® a submm MJ cell(Wang, 2012)

Combining these approachdisis chapter will use 4.6 m square dish reflectdo
illuminate a freeform lenslet array at 50X concentratiomhe lenslet array, with ball
lenses over each cell, works like a higgnsity Sempriusnodule. This approach retains
many of the scaling benefits discussedMielson, et al., 2012)vhile performing the
large area collection wita fundamentally loveost mirror(Angel, Stalcup, Wheelright,

Warner, Hammer, & Frenkel, 2014)

3.1 PRIMARY MIRROR DESIGN

For simplicity, we will design foran onaxis collector to take advantage of
guadrant symmetry.The approactcan readily be generalized for a freeform -aifis
dish, but the nuimer of unque lenslet prescriptionacreass by a factor of fourThe

system geometry and coordinate system are shown in FigdirdJ3ing a 1.5m focal
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length parabola as a starting point, a receiving surface is displaced 200mm from the

focus. This bngs the average concentration in this plane to ~50X.

(0,0,0)

(0,0,-200)

Figure 3.3: Oraxis dish geometry and coordinate system.

An onaxis, square aperture dish is readily tailored to produce a flat, square,
uniform illumination pattern utilizing only two degreesfifedom (radius and conicA
simple meritfunctionis used tspecily the desired square footprint on this target surface.
Figure 3.4 shows the irradiance distribution, in units of geometric concentration, on the

receiving surface given by a parabalish and an optimized conic.
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R=3000mm R=3013.8mm
i k=-0.703

-130.0 -
-130.0 0 130.0

Figure 3.4: Irradiance distribution for parabolic dish (left) and prolate ellipsoid (right).

Besides the central obscuration and the rounding of the edges caused by
convolution with the solar diskhe irradiance patternigen by the ellipsoidal mirror is
substantily uniform. This surfacecs as the entrance face of the freeform lenslet array

to be designed iBection 3.

3.2FREEFORM LENSLET ARRAY DESIGN

In the Semprius approach, each primary lens element isilated oraxis. In
our case, the lenslet arrayilluminated at ~50X concentration, with the center and edge
lens elements receiving light fromifferent regions of the primary Thus, tle ideal
prescription changeas a function of lens element positioTo prevent soiling and allow
for cleaning, the first (or outer) lenslet surface must be a continuous flat face. All

prescriptive power must be on th& adnner face. The result of this sectisra freeform
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lenslet arrayfor which each element is iguely optimized according to its locatiomue

to symmetry, we are only required to design for one quadrant of the system.

Table 3.1: Design parameters foraxis freeform lenslet array.

Primary Dish Dimension{ 1.6 m X 1.6m
Primary Dish Prescriptiof R=3013.8mm k=0.703
Lenslet Location 1300mm from dish vertex
Lenslet Aperturg 16X16 array; 15nmX 15mm each
Lenslet Element Center Thickng 7 mm max
MJ Cell Location| 30 mm from vertex of freeform surface
MJ Cell Dimensiony 4 mm X 4mm
Geometic Concentratior] 700X

Parts ofthe lenslet element design cae approached analyticallyNear the
vertex, the optimal lenslet prescriptions will resemble tilted Cartesian ovals. However,
the optimal prescriptions of the edge lenslet elements depdadtamtially from
conventional rotationallgymmetric descriptions. Furthermoreisi difficult to anticipate
the intersections of adjacent elements required to balance flux betweerTbelldesign
was approadatd numerically with aniterative optimizéion process implemented in
Zemax Programming Language (ZPL). This process, summarized in Figure 3.5, utilizes
native surface descripns in both sequential and remguential modes of ZEMAX.
Individual, oversized lenslet elements are designed in seiiplemode for rapid pupil
sampling, ray aiming, and aberration analysis. First, the macro runs optimizations on all
64 lenslet elements (one quadrant). Sufficient imaging performaEneehievedby

varying radius, conic, andernike termsZ5-Z16 (from atigmatism up to secondary
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spherical). These 64 initial prescriptions and image positions are passed te a non
sequential model, which assembles the system, tracesay€)(for an average 39(Ep
rays per cell)and analyzes the flux variation betweerscellf a cell receives less flux
than its neighbor, thpistonterm (Z1)of its corresponding lenslet scaledup so that the
lensletreceive mor e | i ght . Thi s fiebatedubt] thenflyx is1 p 0

uniform across all cells.

ZEMAX Macro (ZPL)

Sequential Model (Runs 64 Optimizations)

Iteratively optimize lenslet elements
fori=1..8
for j=1...8
{Modify coordinate breaks}
{Optimize Lenslet Element}
{Record:R,k,Z5-Z16,CENY,CENX}

Pass Prescription Data
and solarimage

Pass back new piston
centroid positions

terms to equalize flux

between cells.
Non-Sequential Model

-Receives lenslet prescriptions
-Builds System:
-Populate Lenses
-Locate Ml cells @ solar images
-Trace 107 rays to cell plane
-Calculate irradiance mismatch
-Pass on new piston terms for lenslets

Figure3.5: Freeform lenslet design procegsaplemented in ZPL

Figure 3.6 comparessingle quadrant of gegular lenslet array, with square

tessellation, and the freeform lenslet array resulting from ZPL optimization. Note that the
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lenslet tessellation beptes irregular away from the center elements. This tessellation

emergs naturally from the bubblingip design process.

Regular Freeform
Lenslet Array Lenslet Array

(0,0,-200)

Figure 36: Regular lenslet array and freeform lenslet afoame quadrant only)

Since each lenslet element is specifically tadlote image the tilted bundle of
light it receives, it forms tight solar foci. Figure 3.7 compares the imaging performance

of one quadrant of a regular lenslet array and the freeform array.
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Figure 3.7:1maging performance of regular lenslet (left) arekform lenslet (right)

arrays

As built, this system places a sofacuson each 4anmX4 mm cell. With perfect
tracking, the solar foci are centered on the cells. With tracking errors, the solar foci are

laterally translated off the cell, as showrFigure 3.8.

0.25° Tracking Error

Figure 3.8: Solar foci displacement with tracking errors.
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The problem shown in Figure 3.8 can be adslked withK ™ h Istabilization
(Koshel, 2013) Semprius uses small ball lenses to improve tigieptaoe angle. The
lensles image the Sumto thecenter of each bllens. Each ball lensnages the outline
of the lenslet onto theell. Thus, as long as the solar image remains within the working
pupil of the ball lens, the cell remains illuminated. oftrer CPV system using a
spherical secondary optic fsf~ h Istabilization is described bfCoughenour, Stalcup,
Wheelwright, Geary, Hammer, & Angel, 201a8)d s commercialized by REhninc.

To includeK ™ h ktabilization in this system, we need only replace the MJ cells
with ball lenseg6 mm diameterpnd place MJ cells farther baas shown in Figure 3.9.
The irradiance pattern is noircular because the solar disk is no longer being imaged
onto the cells. The pattern is roughly rectangular, corresponding to thiorbad

image of each lenslet elemédyarder
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Nominal Tracking 0.5° Diagonal Tracking Error

Figure 3.9: Irradiance on MJ cell stabilized by ball lenses.

3.3 TRACKING PERFORMANCE AND ELECTRICAL COMPENSATION

An ideal module would provide equal flux to each cell to allow series connection
of the whole chain. This minimizes currents, reducing resistive los3é® Semprius
approach has the advantage of providing equal flux to each cell unless thartreddule
is shadedsoiled or otherwise damagedCurrentlimiting cells are preferablycut outof
the chain with bypass diodes. In the approach descrilf®édation 3.2the dish provides
a uniform square illumination patterbut this pattern has a central obscuration and the

edges fall off iniradianceaccording to the width of the solar diskidére 3.4). After
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passing through the lenslet array and ball lenses, the resulting geometric concentration on
each cell has significa variation (Figure 3.10). Of the 256 cells in thestem, those

along the outer edge and edge of the obscuration e2edieut half power compared to

the cells in the uniform region.
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Figure 3.10: Flux distribution on cells (geometric concentratianaxis and colorbar X

and Y axis are position of the cell in mm.

Arrangingthe cell power from highest to loweasta histograngives acell power
distributioncurvefor the systenfFigure 3.11).This curve is analogous to a system IV
curve. Just as an IV curve indicates the optimal operating voltage for a PV cell, the
power distribution curve of Figure 3.11 indtes how many cells in the chain should be
bypassed to reach maximum systeover Although this curve will look similar to the
final system IV curveit does not take into account tekectrical characteristics each
cell. In this casebypassing th@ner and outer edge cells attains maximum system

power. The power generated by bypassed celisdsect loss to system efficiency.
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X-Error=0deg Y-Error=0deg

Average Cell Concentration

0 50 100 150 200 250 300
Cell Count

Figure 3.11Cell power distributiorcurve with nominal tracking. Max power condition

shaded blue.

To mitigate theedge dropoff we can implement another degree of freedom:
wiring. By wiring opposite cellgby 18C rotation) in parallel, we can vastly improve the
pseudelV curve. The required wiringpr al6X16cell arrayis too complex to dw.

However a partial,unwrapped wiring diagram is shownhkigure3.12

N\ W\

Series-Connected

Main Cells + I + I
Parallel-connected edge cells (opposites)

Figure 3.12: Main cell and edge cell wiring.
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To simulate this new wiring scheme, we simply add the flux of opposite cells to a
new, virtual cell. For the purpose of visualization, we will cut olitdfahe edge cells
and add their power to opposite cellwo edges now havmosted power and two edges

are dropped to zero, as shown in Figure 3.13.
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Figure 3.13: Flux distribution on cells (geometric concentration) with parallel wiring of

outerand inner edge.

The new pseuddV curve is shown in Figure 3.14By wiring the edge cells in
parallel pairs, the new virtual cells now provide current compatible with the main body of

cells.
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X-Error=0deg Y-Error=0deg

Average Cell Concentration

0 50 100 150 200 250 300
Cell Count
Figure 3.14Cell power distributiorwith nominal traking and parallel wiring of edge

cells. Maxmum power conditionis shadedn blue.

The total area under the black curve of Figure 3.14 is proportional to the total
optical power received by the cellPwtionaxisy The area inside the blue box is
proportional to the power available for extraction based on the wiring sch®pae
When tracking errors are introduced, this ratio changes due tooffrop optical
throughputand current flux mismatch between cells. Figure 3.15 shows thaxdf
performance of a system wiring strictly in series (left) and wired with edge cells in
parallel (right).

The offaxis performance of this optical system was analyzed with a ZPL macro
in which 2.5*10 rays(nearly 10 rays per cell) are tracddr each offaxis tracking case.

Tracking errors were sampled over a regular grid up tbiffhe X and Y directions.



80
Due to symmetry, negative tracking errors are equivalent, so only one tracking quadrant
is shown. For the alleries case (left) eaxis Pchain Protai(onaxis) IS only ~83%, which
corresponds to the ratio of areas in Figure 3.11. Thex@Pchain/ Protal(onaxis) ratio for
the parallel wiring case is nearly unity, corresponding to the ratio of areas in Figure 3.14.

Pehain/Protalon-axis) : All Cells in Series Pehain/Protalion-axis) * Edge Cellsin Parallel
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Figure 3.15Pchain Protaionaxis) for all cells in seriesd) and edg cells in parallel pairs {b

Black line is the 90% contocompared to oxis).

Wiring the edge cells in parallel pairs vastly improved the amd offaxis
performancs, but the 90% case is still reach&dh only 0.2° tracking error. The drop
off is due to two effects: flux mismatch between cells and the breakdowh™oh | e r

stabilization at the edges.

34 SENSITIVITY TO FIGURE ERRORS

Section 3.3 considered the optical and electrical sensitivity to tracking errors.

This section modelscatter andigure errors in the primary mirror. Figure 3.16 shows
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the cell power ditributionfor a perfect mirror (top) and a mirror with 4mrad Gaussian
scatter approximating slope errors with very high spatial frequendfis additional
error hardly changes the c#tlcell flux variation, indicating robustness to high

frequency scaer.

a Irradiance on Target bsoo Pseudo-lV Curve: (0.95)

No Aberrations
o

Cell Concentration
N
8

0
-100 -50 0 50 100

Irradiance on Target

0 50 100 150 200 250
Pseudo-lV Curve: (0.94)

Gaussian Scatter
o
Cell Concentration

0 % 0 5 100 o s 10 10 200 20
Figure 3.5: Comparison between an enfoee mirror(top) and a mirror with 4mrad rms
Gaussian scatt€bottom) (a) isthe irradiance map on the receiving surfésgame scale
as Figure 3.4). (b) is the Pseuidbcurve indicating geometriconcentration over all

256 cells.

Figure errors directly impact the irradiance distribution in the lenslet plane, and
thus are more likely to affect cebh-cell flux variation than highfrequency scatter

Figure 3.17shows the effect of three aberaats: tilt (top), astigmatisnmiddle) and
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vertical quadrafoil £14, bottom) all scaled to give Pnrad RMS slope error, or 4nrad

RMSray error.

Mirror Error Sag Map. P-V:3.31mm Irradiance on Target Pseudo-lV Curve: (0.89)

g
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Mirro-r Error Sag Map. P-V:2.02mm Irradiance on Target Pseudo-lV Curve: (0.79)
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Figure 3.17The effect of tilt (top), astigmatism (midd)@nd quadrafoil (bottomgach
scaled to giv&mrad rms slope erroiSag maps (left column) are in mm with each color
map scaled to the-¥ range. Irradiance maps (middle column) have the same scale as

Figure 3.4. Pseudty/ curves(right column) withabsolutePchain/ Protaifmo errors.
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Note hat tilt errors are equivalent to tracking errodaare well corrected up to

0.20 due to the parallel wiring scheme of Section 3.3.

3.50N-AXIS PARABOLOIDAL DIsSH AND "I NVERTED FLY'SEYE" ARRAY

Supposeoneignores the flux variation between cells amhly consides optical
throughput. With enoughlow-currentcells, perhapsnnovative wiring could compensate
for flux variations between celldentine, Nielson, Okandan, CHzampa, & Tauke
Pedretti, 2014)Invoking this argumei we then seek to maximize the optical throughput
without much concern for flux variation. The ffeen lenslet array designed ire&ion
3.2 is limited by the offaxis performance of the edgéements Near the center of the
lenslet array the ball leas satisfy the Scheimpflug condition; & eivenkamp, 2004)
This condition is not met near the edge of the lenslet array, so the ball lenses form a
stabilized irradiance paittn thatis tilted with respect to theells. Ths can be corrected
by allowing a nonplanar cell card. By tessellatirihe cells, ball lenses, and lenslet
elemens over a spherical surface, ts™ h Istabilization approach will perform more
effectively out to the edges of the arrajdthough this curved lenslet array appears more
complex than a flat array, the design and modeling of such a lens is actually much easier,

since each lenslet pregmion is a simple conic.



84

Figure 3.181m EFL dish (1.65m x 1.65m) and aspherical detector of radius 126mm.

The irradiance on this spherical surface varies according to
0 — - p COWE- OWE- (3.1)

wheref, b, andd are defined in Figure 3.19This formulation originally appears in
(Angel R. , 2009)and a derivation is given b§Coughenour, Stalcup, Wheelwright,

Geary, Hammer, & AngeR014)

Incident
Solar
Flux

Figure 3.19: Geometry for a curved receiving surface.
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With the curved receiving surfagb=126 mm), we can operateith the very fast
1 m EFL dish shown in Figure 3.18giving a maximum d=60.2. Geometric
concentration at the receiving sacé will thus vary from C=63X at theertex to
C=113X at the corner.

To separate the sunlight for distribution onto individual cells, the receiving
surface is tessellated with a 20x20 gridB#70 lenses, forming a continuous smooth
outer spherical suré@ R=126mm) and an o6éinverted flyds ey
The lensletinterior surfacesre conicoptimized to focus to a point 14rBm from the
lenslet vertex.The posiion of each lenslet is determined by (1) dividing the dish aperture
into an equalarea 20x20grid, (2) calculating the vector from the prime focus to the
centroid of each dish region, and (3) projecting this vector onto the desired receiving
surface R=126 mm). As overssized lenslets populate the receiving surface, their

intersections naturally generate smaller areas near the corners, completely compensating

for the irradiance variation of Equation 3.1.
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Figure3.2Q Curved lenslet arraf/inverted fly's eye"with smooth outer surface

Each lens element forms an intenseutothat will drift laterally from tracking
errors. Placing mm diametespherical ball lenses at the foci establishes sqiarehd e r
stabilized concentration areéihe ballformed image of the lenslet)2 mm square MJ
cells are positioned behind eadhlldens (Figure 3.21)The edge lens elements (78 total)

are slightly ovessized, so 3nm cells are needed.
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2mm MJ Cell

4mm Ball
Lens

Lenslet 9 1A )
ARNNEERR N
Illumination

from dish
(0°,0.25°,0.50°)

Figure 3.21: Curved lenslet with corresponding ball lenses and cells.

For ideal optical performance, each cell lies on a unique, titade (Figure
3.22). However, with a small sacrifice in optical performance, subgroups of cells could
lie on flat cell cards for manufacturing convenience. A CPV system with cells on a
concave surface (behind the prime focus) has successfully implentieistéddeoff. An
early prototype by fie University of Arizona and REhr{&talcup, et al., 20123)ad e&lls
mounted on 36 individuallynachined planes in a copper bowl. The latest prototype
(Coughepur, Stalcup, Wheelwright, Geary, Hammer, & Angel, 20a#l)zes a slower

dish and dour-quadrant cell card to approximate the ideal concave surface
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Figure 322 Top: Qurved lenslearraywith corresponding ball lenses and celBottom,

left: Single lenslet quadrant. Bottom, right: side view.
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Figure 3.23 shows the geometric concentration on all 400 cells for on aaxioff
illumination. On-axis, the cells all receive nearly equal illumination except the center 4
cells, which @& weaker due to the central obscuratdfhen tracked offixis one edge
(20 cells) gains power while the opposite edge drops off. Abd/e &ll cells begin to
drop off asK © h Istabilization breaks dowr®©n-axis geometric concentration averages

1600X on the central 322 cells and 700X on the edge cells.

Cell Flux Distribution (sorted)
Black:On-axis Dashed Black:0.5deg error Dashed Red: 0.75deg error

Cell Flux (W)(without Fresnel losses)

0 50 100 150 200 250 300 350 400
Cell# (sorted)

Figure 3.23Sorted flux dstribution (W) on all 400 cells for ofaxis illumination (black

line), 0.5° tracking erro (dashed bluéine), and0.75° tracking error dashed redine).
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Raytracing analysis shows that the total optical throughput drops to 90% at +/

0.53° tracking error(Figure 3.24)

Optical Efficiency (without Fresnel losses)

0.9 \

N AN
0:6 \

0.5

0.4

0.3

0.2

Optical Throughput (without Fresnel losses)

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Tracking Error (deg)

Figure 3.2: Optical throughput (without Fresnel losses) vs traglarror.

3.6 OFF-AXIS PARABOLOIDAL DISH AND "l NVERTED FLY'SEYE" ARRAY

One disadvantage tiie on-axis dish systerm Section 3.5s the central
obscuration, which blocks ~2.5% of incoming light. Using the dam&et design
method, we cabuild anoff-axis system without obscuraticsych as that shown in
Figure 3.25.Figure 3.26 shows the irradiance variation on a receiving surface of 126mm
radius (left) and a freeform lenslet tailored to distribute equal flux to cells (right). The

lenslet sizeapidly decreases o#xis. As before, edge elements are oversized.
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Figure 325: Off-axis1m EFL dishand freeform receiver at26 mm receiving surface

Figure 326: Irradiance distribution on R=126m surface (left) and freeform lenslet for

equal flux distribution (right)
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Figure 327: Two views of the freeform lenslet array, ball lenses and cells.

In this model, central cells aren2n square and edge cells are 3mm square. A
fully optimized system would allow more cell sizes, etlored to the stabilized
irradiance pattern produced by each lenslet/ball lens pair. As before, the lenslet
tesselation emerges naturally from the process described in Sectiorh&.Besulting
flux distribution, assuming no tracking errors, is nepdyfect (Figure 3.28, black line).
The distribution is similar to Figure 3.23 except there are no cells weakened by the
central obscuration. The average cell concentration is slightly lower because the effective

aperture of the mirror is smaller (only6dn X 1.51m) due to the cosine projection.
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Cell Flux Distribution (sorted)
Black:On-axis Dashed Black:0.5deg error Dashed Red: 0.75deg error

Cell Flux (W)(without Fresnel losses)

0 50 100 150 200 250 300 350 400
Cell# (sorted)

Figure 3.3: Sorted flux dgstribution (W) on all 400 cells for ofaxis illumination (black

line), 0.5° tracking error dashed bluéne), and0.75° tracking error dashed retine).

With tracking errorthe offaxis concentrator shows more sensitivity than the on
axis system. Since the outermesitgeof the primaryis much farther away, it is not
surprising that the irradiance pattern translates off the receiver at a faster pace. However,
the overall ptical acceptance angle is still-8/45 (Figure 3.29). The 322 inner cells
(2mm square) are illuminated at 1500X geometric concentration (not including Fresnel or
reflection losses). The 78 border cells receive 670X geometric concentration. la all, th

average concentration is 1215X.
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Figure 3.®: Optical throughput (without Fresnel losses) vs tracking error.

In summary, this 'inverted fly's eye' approach allowed a doubling of geometric
concentration compared to the flat lenslet in Section 3i\also increasing the
acceptance anglélhis increase is due to the optimized orientation of each lenslet and
ball l ens so that K7 hl e raxiss Anafbaxislayauealsoi o n
avoids the central obscuratioRuture workthat needs to be don@) find suitable
groupigs of cells which can be combiinto planar cell cards;)2nalyze electrical
compensatiotechniques to mitigatbux mismatch; (3 analyze thermal management.
The possibility of farbased thermal management without liquid cooling is especially
enticing and is one of the most important scaling benefits descril{dbelson, et al.,

2012)

r

em
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CHAPTER 4: CSPFIELD COLLECTOR WITH FREEFORM TRACKING

By Department of Energy estimatesentral receiver plants currently have the
lowest levelized cost of electricity (LCOHl) the CSP markefARPA-E, 2014) Figure
4.1 shows the cost contributions from each plant compoaedtindirect costor trough
and central receiver system$he solar field accas for at least 25% of the plant cost.
Figure4.2 shows thecentral receivecomponent cost reductions required to achieve the
6¢/kWhe SunShot CSP Goal Note that the solar field requires at least 50% cost
reduction to meet the goalLCOE reductions aaresult from lower cost per unit area

($/n?) or higher performance per unit area (KWH/m

HO&M

M Indirect, Financing, & Insurance
B Receiver/Heat Transfer

W Power Plant

M Thermal Storage

W Solar Field

13¢/kWh,

21¢/kWh,

2010 Trough 2013 Molten Salt Tower

Figure4.1: LCOE breakdown of CSP tugh and central receiver plarftsRPA-E,

2014)
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2 |
2¢
¢ T T T T T 1
2013 System Receiver/Heat Power Plant Thermal Solar Field  SunShot Goal
Price Transfer Cost Cost Storage Cost Cost

Reductions Reductions Reductions Reductions

Figure4.2. Component cost reduction irag for CSP central receive(ARPA-E,
2014) Note that this component breakdown distributes O&M and indirect costs to each

plant component (Figure 4.1 does not).

Section4.1 will review the limitations of current solar fieldchitectures and
Section4.2 will discuss a new approatatachieves very high collection efficiency and

concentration.

4.1 FIELD EFFICIENCY LIMITATIONS OF CENTRAL RECEIVER CSPPLANTS

Large central receiver plants such as Ivanpah and Tondéatine cetral towers
with >100MW receivers and commensuratedized heliostat fields. The annually
averaged collection efficiency of CSP central receivers, as measured daymkWi?, is
low compared to CSP Troughuel to very high obliquity lossObliquity is the cosine of
the incidence angle of solar rays on the heliostat, or equivalently, the ratio of the

projected area of the heliostat to its full aperturée soiling and mirror reflectivity, the
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obliquity factor of a heliostat directly impacts the optipalwer it can deliver to the
receiver. Heliostats surrounding the tower must continuously adjust their pointing to
maintain illumination on the towgeso obliquity losses are changing continuousihe
obliquity factor is unity in the ideal case, whereedidstat is positioned near the shadow
of the receiver.Figures 4.3 and 4.4illustrate that heliostats netre receiver shadow are
ideally positional to reflect sunlight withow obliquity loss (high obliquity factor)while
heliostats between thai® andtower experience very high obliquity lo&bliquity factor

<<1).

Figure4.3: North and suth field obliquity loss comparison.



