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e Cylindrical solar cell tubes use
thin-film CIGS technology:

— Tracking not required

— Ease of mounting, cooling, and
cleaning

— CIGS ~ 20% efficient
— Wind loads reduced
— Low roof penetration
e Significant media coverage of the
technology:
— How does it work?
— Does it work well?

— We are not interested in the
politics (much)
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Motivation

e Better understand the
cylindrical tube technology:
— What is the theory behind
performance?

— Does it work better than non-
tracking flat panels?

— Can software modeling be
used to accurate determine
performance?

— Can the technology be
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e Tube diameter = D, =22 mm

e Tube spacing =d=2D, =44 mm Tubes\

e Tube-backplane separation = D; = 1.5D, = 33 mm

e Cell diameter=D.= 15 mm ,X

e Tube Length =/=1000 mm CIGS

e Array=N =40

tubes

Direct sunlight
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Based on the research of evacuated tubes

THEORY
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— D=1
0.9} ———dDB=2
— OB =irf
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O7} -
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< OS5} -
uf
o4t -
O3} Replicated: .
D. C. Beekley and G. R. Mather, Jr.,
o2l “Analysis and experimental tests of a _
. high-performance evacuated tubular
collector,” DOE/NASA CR-150874, 1978.
O1L Manuscript Freely obtained at: -
http://ntrs.nasa.gov/archive/nasa
asi.ntrs.nasa.gov/19790008199 1979008199,pdf
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Direct on Cylindrical Tubes Scatter on Cylindrical Tubes
o 5 ' 03] Latitude = 40°
08} o \ 08} Tilt = 28°

o0 ' : 07} White-Panel Backplane

E 06} LLIO 06+ v uall _ d=2D6

ur e | &
03} Latitude = 40° ] 03}
0l Tilt = 28° | 02l
sl d = 2D, N

Solar Hour Solar Hour

E, = irradiance on tilted cylindrical tubes from direct sunlight

Er = irradiance on tilted cylindrical tubes from backplane scatter
E, = irradiance on flat panel normal to direct sunlight

E = irradiance on horizontal flat panel from direct sunlight

http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19790008199 1979008199 .pdf
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Flat Panel
o ~ \ _ i
g /
W F . i
L CYII_mS rical The theory
% B ubes y indicates flat
W panels should be
2 better around
Wy )
+D R i noon, while the
L ; \ tubes are better in
O T i early and late
- I . hours
O L I I I I I I I I
-8 -6 -4 -2 0 2 4 6 8
Solar Hour
http: ntrs.nasa.gov/archive nasa/casi.?trs.nasa.gov(l9790008l99 1979008199 .pdf
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Measurements and comparisons to theory

EXPERIMENT
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...and They Look Like Blinds
T ~ S rEes than
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T

m’ based on footprint arca.

PV panels are horizontal,

I-V Characteristics (CIGS) 9/3/2012 10:11 AM
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|
Labor Day SCU First glance: cylindrical tube
120 ottt —1 ] panel (Solyndra) performs
1 e Farities | better than flat panel (Solar
B Solar n = H
100 | = 1 Frontier)
a5 E 1 Second glance: we need to
S [ Partial shade 1 normalize for differences in
g - >~ -+ solar cell active area
60 - —
& i R
s 1™~ Third glance: there is the
gaor 1 characteristic kink in the curve
i - -+ due to critical angle
20 | 1 phenomenon
B g 3 September 2012
PR S R S P ST VI S VO N S T N VT Latitude = 37.3492°
6:00 8:00 10:00 12:00 14:00 16:00 18:00 Longitude = -121.9381°
White-Panel Backplane
[
@
13 November 2012 = B Santa Clara 14

. Apades v .
. a0 University College of Optical Sciences
THE UNIVERSITY OF ARIZONA,



EP@L%?R(NG\\\V Not So Fast: It is Power Density

Iluminating ldeas

Labor Day SCU

T s | g PR First glance: flat panel (Solar

80 S SORE Nt Frontier) performs better than
cylindrical tube panel (Solyndra)

70

Second glance: we are gaining
some power from the open regions
in the panel, but not doubling

D
o
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50

40

Third glance: the kink is still there
due to critical angle phenomenon

Electrical Power Density (W/m?)
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30 ]
20 :
= 3 September 2012
10 1 | L ] ] 1 ] 1 1 I 1 L s Latitude = 37.3492°
6:00 8:00 10:00  12:00  14:00  16:00  18:00 Longitude =-121.9381°
Time Altitude = 20 m
White-Panel Backplane
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Experimental: Electrical
Power Density
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Comparison of Theory and Experiment

|
Theory: Irradiance Ratio
Closed-form Theory (DOE/NASA CR-150874)
Tilt = 0° (i.e. horizontal), L = 37° N, Labor Day (Sept. 3, 2012)
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Solyndra PV Panel October 28, 2012 Theory: direct on cylindrical tubes
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Validation and optimization

SOFTWARE MODELING
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s
Calculation of solar position based on NOAA's functions and clear-sky solar radiation based on
1200 Bird and Hulstrom's model, Bras model, and Ryan and Stolzenbach's model.
I @ QBird
F Bras Site data and time info
F Ryan-Stolzenbach latitude in decimal degrees (positive in northern hemisphere) 37.3492
r longitude in decimal degrees (negative for western hemisphere) -121.9381
1000 T ground surface elevation (m) 20.0
3 time zone in hours relative to GMT/UTC (PST= -8, MST= -7, CST= -6, EST= -5) -8
3 daylight savings time (no= 0, yes= 1) 1
L start date to calculate solar position and radiation 3-Sep-12
| start time 12:30 AM
800 + time step (hours) 0.5
:oT number of days to calculate solar position and radiation 1
£ Bird model parameters
E [ barometric pressure (mb, sea level = 1013) *1013
c r ozone thickness of atmosphere (cm, typical 0.05 to 0.4 cm) Y0.225
-% r water vapor thickness of atmosphere (cm, typical 0.01 to 6.5 cm) Y2
5 600 T aerosol optical depth at 500 nm (typical 0.02 to 0.5) 10.26
£ L aerosol optical depth at 380 nm (typical 0.1 to 0.5) Y03
E L forward scattering of incoming radiation (typical 0.85) Y0.85
) | surface albedo (typical 0.2 for land, 0.25 for vegetation, 0.9 for snow) Y0.2
g | Bras model parameter
o Bras atmospheric turbidity factor (2=clear, 5=smoggy, default = 2) 2
@ 400 T Ryan-Stolzenbach model parameter
r Ryan-Stolzenbach atmospheric transmission factor (0.70-0.91, default 0.8) 0.8
200 T H
[ On horizontal
0 —_— + . —_— e e
9/2/127:12PM 9/3/1212:00 AM 9/3/124:48 AM 9/3/129:36 AM 9/3/122:24 PM 9/3/127:12PM 9/4/1212:00 AM
.
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Software Geometry of Single Panel

|
w
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I Solar noon results only shown
o, on central tube
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3D Visualization 2D Chart 1.30

P

=253 W
comparable to
experiment

e, tube

Note: irradiance on back surface of tube

[
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Labor Day SCU
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Modeled Electrical Power Generation

Comparison of Solyndra
cylindrical tube panel:
experiment and ray trace
model — good agreement.

Variations due to solar source
assumptions, such as
atmospheric conditions

Indicates that software ray-
tracing model validates virtual
design method.

3 September 2012
Latitude = 37.3492°
Longitude =-121.9381°
Altitude = 20 m
White-Panel Backplane

0
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e French Word:
— Verb: extended
— Noun: reach

e Etendue is a geometric factor:

“=n’ Hcos GAA dQ

aperture

e |t describes the flux propagation characteristics of an optical system:

Arbitrary Source Radiance Lambertian Source Radiance
©= |[|L(rd)costdAdQ, ~ P=L, [[cos 60 d@
aperture aperture
_Lye
o 2
n
[ T
Santa CI @
vember b Santa Clara N
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Preliminary results show that a shape
that helps trap incident radiation is
better:

e Optimized configuration of the °
system:

— Results indicate d = 2D, and D, =
1.5D, are optimal

— Tilt angle (s) = Latitude (L),
optimizes performance by

making response more uniform
over year — Cross section of “tube” using NURBS.

Optimized with ray tracing software

— Different merit function can be
used to optimize performance
for a given time of the day/year:

e Afternoon to handle cooling needs

— The recesses trap light
— This gives light a “second chance
— Shape depends greatly on merit

e More equitable over the year such function
that winter performance drives e Note that performance will approach
design a flat panel
|
@
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Future studies

CONCLUSIONS
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Conclusions Future research
e Cylindrical tubes only offer minor e More optimization cases:
improvements (morning and evening — Modification of merit function

hours) — More study of “tube” shape

e Decreased performance around solar

00N e |nclude National Weather Service

data taking into account local sky

e Effective ray trace modeling can be o _ ,
conditions (i.e., in Santa Clara)

done
e Etendue drives the design: e Specular edge ray concentrator
£= 2 ”cos@dA J0 between tubes, but this step
aperture o “violates” the simplicity of the

To ignore it can be hazardous! tubular array geometry

e System can be improved (slightly) with
software optimization — Not enough
time to go into the details here
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What to do with 15 Million Tubes?

www.solideas.com/GlassTubes.html
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