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Introduction: Solar Cell Semiconductors

= Conventional solar cells use crystalline silicon
o ~$5.7 / m?for Si

= Newer semiconductors are more efficient, but more
expensive
o ~$8,200 / m? for GaAs

- Kirigami Solar Module Cost Analysis, U-M EECS Department
- Crystalline Silicon Photovoltaic Module Manufacturing Costs and Sustainable Pricing: 1H
2018 Benchmark and Cost Reduction Road Map, National Renewable Energy Laboratory



Cell Efficiency (%)

52

48

44

40

36

32

28

24

20

16

12

TINREL

el
Teransforming ENERGY

Best Research-Cell Efficiencies

Multijunction Cells (2-terminal, monolthic)  Thin-Film Technologies Sham s
LM = lattice matched © CIGS (concentralor) _ (IMM, 302x)  * NREL
| N Boeing- (4-J, 297x) (6-J,143x)
o Wi i S . o Spectrolab Ser IFhG-ISE/ Soitec &
=inverted, metamorphic O CdTe {LM, 364) olarJunc ]
V' Three-junction (concentrator) QO Amorphous SiH (stabilized) Spectrolab | FhG-ISE SpireSermican (LM 9§2x]‘ a
|- ¥ Three-junction (non-concentrator) Emergin (MM, 299x) | (MM, 454x) MM, 406 -
i g PV (MM, 406x) o]
i IWO'!“"CUO" (cancentratr) O Dye-sensitized cells Boeing-Spectrolab  Boeing-Spectrolab ™ ™\ " soitec”,, MREL
= Fwo-lgncttwpn (ga:on—c;)en?emratc:tr)l ; @ Ferovskits cells (MM,179%) (MM, 240x) \ 4, 3190 (4-J, 327x)
our-jungtion or more {concentrator, A Perovskite/Si tandem (monolithic) 7 s ' Boeing-
- G Y olarunc ) NREL (6-J
O Four-unction or more (non-concentrator) @ Organic cells (various types) Nggf}(m"m (M SEZELE 70 (LM, 418) _Spectrolab {5-J) 45( )
Single-Junction GaAs A Organiq tandem cells . = S'Boe'm? . e Sharp (IMM)
A Single arystal @ Inorganic cells (CZTSSe) Boeing- PectoRb  ghors () ..o ,'V ;
[~ A Concentrator < Quantum dot cells (various types) Spectrolab NREL i Shany (MM - NREL (38.1%)
Y Thin-fim crystal O Perovskite/CIGS tandem (monolithic) J SPECWBB v Specﬁruijab (IMM) __ae" P GI9
. : I Spec rolab L .eeet NREL (467x) NQtL 1) LG
| Cryst_allme Si Cells Japan Spectrolab ot Speclitleh haeer®s IE el NREL ,l — -4 NREL
o Single crystal (concentrator) Varian NREL Energy S UPM (10 Sx) (117x) NREL (258%)
m Single crystal (non-concentrator) (216x) NREL e P R K= iy LRl X
O Muliorystaline i g nobad Umv FRGSE (232x) Alta_ Alld SunPower (large-area o e De\ﬂcéeas
| ® Silicon heterostructures (HIT 205 SaEEan | e == — LG
W Thin-fim crystal Hm { JX)AA‘E"NRH o _SunPo\gar (96X _ e m om o = == <0 AOONIX (92X) \ 2 Pa_‘_ﬂa_sonl_c' -KA— - "e%L Oﬂéfge%@r%jﬁlz
Stanford B m = e == ey =A--T Panasomo Gclag®® FH.~ Korea Univ
(140x) Vi e T -=NEW Radboud U, FhG-ISE  Alla - O Stanford/ASU
= e mmm—— UNSW \vg Sanyo Panasonic 3 E xel 251 Sularanher
1B —mmmm T T e e FRG-SE  ganyq Sanyo e NREL (155 4"-10' - H JlnkoSoIar
(TJ. Watson A === R UNSW/  NREL Sanjo e EMPAIHFX oy NRELZS = “Trina Solar
Research Center) UnNsw (R Georgia  Eurosolare (1)@= o === = = ZSW. " 7\ [1sclhs UCLAY Ca‘nadwan
— ARCO A Georgla  Georgia  Tech u NREL ISFH_ B = y ,.hKGRFWUN‘ST aglirof
sting- Tech €0 ] £l NREL = W50l A N 1%
Wesing NSy £ = L NREL NREL NREL NREL NREE L oPHSISE SR B salbro “,, FiriSoer = Queencland
Sandia qvi P v s cE fist £ | Trina £ @ SCUT-CSU
— No. Carofina u |‘=J’ Sdo — = yer, NRELV\- Solar P GE -SolarFron 'Ra;r:erg - ;G{Tamaﬂ
. O lorida T i > . aynergy Tek of Teiws
Mobil State U. gojareyS013reX . A NREL U, Stuttgart UriSolar “Aiccas
Solar oeing & PNReL EUOCIS gl ___UniSolar (aSincSiincSi) Ascuweﬂexpv
Kodak | y—tT AMETEK Pholon Energy { - |BM IBM Phillips 56 UCLA CCAS
Malsush\la g™ Boging Boeing S/ * )
O 0 . Konarka ,  U.Toronto
B U of Maine ™ Mariosdlar HriSoler Solarmer <= U. Toronto
Boeing NREL / Konarka Konarka UTsrori
U.of Maine = Groningeq U. Linz \ (F;bg%wD(;
U. Linz
RCA elnz (ZnO/PbS-QD)
| I Y S I I Y T Y (N T | I N Y Y S T I I Y N T Y O [
1975 1880 1985 1990 1995 2000 2005 2010 2015 2020

National Renewable Energy Laboratory (NREL)




Introduction: Solar Cell Tracking Array

= Increases effectiveness of light collection by modifying tilt of
concentrator

= Can tilt concentrator £60° relative to normal

B

Salar cell Solar cell

i [ : 3
‘ i i — [if———

: : - Reduced
) ! total
4 - i length
\'\ /" '
\ 2
Y ¥

( :' ' Center of sheet Shifted center of sheet




Reflector materials Origami  Adhesive cut & Fold (b)
deposition patterning application
1

[

L7

L7
g “
‘

00

<2.5cm
Actuation plate

Bus line materials Mount PV cells
deposition

Fixed-Tilt Flat Panels Based on Origami Micro-Concentrators



Introduction: Simple Parabolic Concentrators

= Composed of a single parabola
= All incoming rays parallel to axis are reflected to focus
= Nonparallel rays are reflected unpredictably

» N

- Parabolic Reflector, Wikipedia



Introduction: Compound Parabolic Concentrators

= Abbreviation: CPC
= Rotate two parabolas by angles +0 and -0

= Overlap parabolas so that focus of each parabola intersects
shape of the other

Non-Imaging
Compound Parabolic Concentrator (CPC) Parabolic Concentrator

- Nonimaging Optics, Wikipedia



Compound Parabolic Concentrator Creation
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Introduction: CPC Variations

= |deal 3D CPC has circular base
o Difficult to manufacture

= CPCs with polygonal bases are more easily created
o Trade-off due to decrease in ray collection effectiveness
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- Nonimaging Optics, Wikipedia
- A Comparison of Compound Parabolic and Simple Parabolic Concentrating Solar

Collectors, Los Alamos Scientific Laboratory



3D Concentrator Sides



3D Concentrator Sides and Corners
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Introduction: Project Scope

= Optimize origami concentrator design
o Use two overlapping (compound) parabolas to generate 2D shape
o Combine 2D models for 3D square-based concentrator
o Determine limitations of dimensions imposed by tracking array
o Simulate light collection



Methods: 2D Concentrator Creation

Use parabola coefficient to generate two parabolas
Rotate parabolas in opposite directions by angle
Horizontally translate parabolas by separation

Shift concentrator base according to base position

Find the maximum height factor, and adjust concentrator
height accordingly

-\ Sidewall (LHS) /

Sidewall (RHS) /

Base




Parabolas with Coefficients 0.01:0.01:1



Parabolas with Separation Distance 0:0.01:1



Concentrators with Angles 1:1:45



Concentrators with Base Positions 0:0.01:1



Concentrators with Height Factors 1:-0.01:0



Methods: Determining Optimal Height

= All five parameters, except height factor, are set arbitrarily
o Other four parameters: parabola coefficient, parabola separation,
angle, base position
= Increasing height factor always increases CF

= Concentrators are placed in close proximity on tracking
array

o Too tall: concentrators collide within £60°
o Too short: lower CF
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Methods: Determining Light Collection

= Simulated light follows law of reflection, assuming sidewalls
were perfect reflectors

= All incident rays perpendicular to base
= Delaunay triangulation to determine slope of 3D

concentrator

normal

reflected ray

incident ray

mirror
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Determining 2D Ray Collection



Methods: Concentration Factor

= Concentration factor (CF): measure of effectiveness of light
collection
o Also reflective of cost-saving of concentrator

Rays Collected Top Area
s CF = y x p

Total Rays Base Area



Methods: CF Cases - No Concentrator

Rays Collected Top Area
s CF = y x p

Total Rays Base Area

= No concentrator
0 Rays Collected == Total Rays

o Top Area == Base Area
o CF=1
“Base case”: No cost savings




Methods: CF Cases - Example Concentrator

Rays Collected Top Area

m CF = *
Total Rays Base Area
. Top Area .
= Concentrator with —= = 2, which collects 80% of rays
Base Area
Rays Collected — 038
Total Rays
Top Area ’)
Base Area
o CF=1.6

= Less semiconductor is used, but not all the light can be
collected
o Still more effective than base case



Results

= Parameters

Q

o O O

Q

Parabola coefficient
Angle

Parabola separation
Base position
Height factor

= Outputs

Q

Q

Q

Light collection ratio
Top-to-base ratio
Concentration factor



Results: Parabola Coefficient

= Parabola coefficient did not affect concentration factor
= All parabolas are geometrically similar



Results: Light Collection, Angle = 1
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Results: Light Collection, Angle = 15

4\ Figure 2 — L] X
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Results: Light Collection, Angle = 30

4\ Figure 3 — [ X
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Results: Light Collection, Angle = 45

4\ Figure 4
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Results: Light Collection

T Figure 1 - O
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Results: Top-to-Base Ratio, Angle = 1

? Figure 1
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Results: Top-to-Base Ratio, Angle = 15
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Results: Top-to-Base Ratio, Angle = 30
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Results: Top-to-Base Ratio, Angle =45
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Results: Top-to-Base Ratio
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Results: Concentration Factor, Angle = 1
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Results: Concentration Factor, Angle = 15
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Results: Concentration Factor, Angle = 30
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Results: Concentration Factor, Angle =45
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Results: Concentration Factor
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Results: Concentration Factor
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Discussion

= Proposed a square-based concentrator design to increase
ease of manufacturability

= Analyzed effects of different parameters on 2D
concentration factor

= Convert promising 2D concentrator designs to 3D

= Measure concentration factor, and verify using Multiphysics
software



Thank you for listening!



