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Applying advanced ray tracing
to predict the energy yield
of bifacial systems with
reduced uncertainty
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Perennial questions:

* How will different system configurations compare?
Bifacial vs monofacial?
2D tracking vs 1D tracking vs static?

One-high vs two-high configurations?

One location vs another?
Good sunny years vs bad cloudy years?
Good days vs bad days? One albedo vs another? Etc... Etc...

* How would different modules perform in a particular system?
Conventional vs PERC vs HIT vs CdTe?
Binned cells vs non-binned cells?
Black silicon vs random pyramids vs isotexture?
Textured ribbons vs planar ribbons vs smart wires? Etc... etc...

How accurately can we predict answers to those questions?
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Today’s question:

 When predicting a system’s energy vyield, is it worth accounting for
— spectral variability in the
® incident spectrum
= albedo
= angular spectral response of module

— mismatch in a module due to non-uniform illumination?

* The answer depends on

— how much the PV system is influenced by those effects; and

— how rapidly, easily, and accurately the effects can be simulated.

Today’s talk:

A major advance in simulation that enables us to answer this questions.
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Systems investigated

e Bifacial.
e 1D tracking, NS axis
* One-high & two-high
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Challenge 1: Rear illumination

Differs for direct and diffuse light.

Direct light reflected more onto bottom of the module,
depends on the time of day.

Torque-tube shading.
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Challenge 2: Spectral variability

e Solar spectrum changes throughout day & year

-
=
vy
c
Q
]
=
o
©
Q
o
vy
=
@
A
©
£
| .
=]
=

750 850 950 1050
Wavelength (hnm)

Premium PV software www.pvlighthouse.com.au

Slide 6



Challenge 2: Spectral variability

e Solar spectrum changes throughout day & year.

e Solar spectrum differs for direct and diffuse light.
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Challenge 2: Spectral variability

e Solar spectrum changes throughout day & year.
e Solar spectrum differs for direct and diffuse light.

e Reflectance of ground and torque-tube depend on wavelength.

100

Show
(course granular)

White rocks
(limestone)

D
o

B
o

Galvanised steel B

Galvanised steel A
Green grass

0
07 08 059 1 11 1.2 1.3 . 03 04 05 06 07 08 05 1 11 12 13 14

Wavelength (um) Wavelength (um)

Reflectance (%)

Premium PV software www.pvlighthouse.com.au Slide 8



Challenge 2: Spectral variability

Solar spectrum changes throughout day & year.
Solar spectrum differs for direct and diffuse light.
Reflectance of ground and torque-tube depend on wavelength.

Module’s response depends on wavelength and incident angle.
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Challenge 2: Spectral variability

Solar spectrum changes throughout day & year.

Solar spectrum differs for direct and diffuse light.

Reflectance of ground and torque-tube depend on wavelength.
Module’s response depends on wavelength and incident angle.

Module’s rear response differs to front response.
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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Challenge 3: Mismatch
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SunSolve™

Inputs are material properties and geometries.

Optics solved by ray tracing:

— cloud-based (< 1000 parallel cores) #

Cell
Back
EVA

— optimized physics solver
— extremely fast.

Widely used by

— tier 1 module manufacturers

— materials companies

Silver
Fingers

— leading research institutes.

Tedlar Silver
Laminate Ribbons

Expanded for PV systems
— Ground, torque-tube, system configuration, backtracking
— SPICE to solve module circuit
— Temperature model
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12-months at NREL, Colorado

Average temperature (oC)

Ambient temperature.

Average wind velocity (m/s)

Wind velocity.
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12-months at NREL, Colorado
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Solving annual yield

20 million rays per incident angle.
4400 solutions per year (hourly in daylight hours).

~45 mins to solve the annual yield per system configuration
(ray tracing + temperature solving + SPICE solving).

Ways to reduce solutions to <5 mins have been identified.

45
4
35
3
25
2
1.5
1
05

0
1-Sep 1-Oct 1-MNov 1-Dec 1-lan 1-Feb 1-Mar 1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep

Energy (kWhr)

Premium PV software www.pvlighthouse.com.au Slide 27



Mismatch loss
(due to non-uniform illumination in module)

0.5%

* For baseline cases
— 0.23% for one-high system;
— 0.1% for two-high system.

Relative mismatch error

* Greater loss on diffuse days.

40% 60%

Direct fraction
0.5%

0.4%

0.3%

0.2%

Mismatch loss (%)

0.1%

0-0% T L] T 1 L] T L] L] L] Ll L]
1-Sep 1-Oct 1-Nov 1-Dec 1-Jan 31-Jan 3-Mar 2-Apr 3-May 2-Jun 3-Jul 2-Aug

Premium PV software www.pvlighthouse.com.au Slide 28



Evaluate different system configurations
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Accuracy of predicting daily yield

* For our location, albedo, module & system configuration, we
define accuracy of daily yield prediction.

* Spectral dependencies have the greatest influence.

Global Non-uniformity T

amb

Direct Spectral Uncertainty
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Uncertainty to 95% confidence.
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Summary

It can be done:

Annual yield solved by ray tracing to micron-level, accounting for
— Spectral variability of direct and diffuse light,
— Spectral and angular dependencies of ground, torque-tube and module,

— Mismatch within a module due to non-uniform illumination.
Solutions currently ~45 mins per configuration. Future: < 5mins.

Results allow us to quantify advantages
— system configurations,
— module features,

— simulation assumptions.

Is it worth accounting for spectral variability & mismatch due to
non-uniformity? Early days, but yes, it looks that way.
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