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EqUivalent circuit Highly uniform
of a PV module
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Equivalent circuit Non-uniform
of a PV module
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EQUivalent circuit Awfully non-uniform
of a PV module
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Equivalent circuit
of a PV module
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Mismatch loss due to insufficient rays
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SunSolve™

Inputs are material properties and geometries.

Optics solved by ray tracing:

— cloud-based (< 2000 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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Measurement conditions

Solar cell
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SunSolve™

Example: Isotexture vs black silicon vs pyramids
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Systems investigated

e Bifacial.
e 1D tracking, NS axis
* One-high & two-high
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Complications of rear illumination

Direct and diffuse light on rear is different to the front.

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

Torque-tube shading.
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More complications of rear illumination

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.
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More complications of rear illumination

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.

1

0.9 Front response
0.8
0.7
0.6
Rear response
0.5

0.4
0.3

0.2

Fraction of incident light absorbed in cell

4
0.1
[

0

400 500 600 700 800 900 1000 1100

Wavelength (nm)

Premium PV software www.pvlighthouse.com.au Slide 19



Mismatch within a module

—Mod 1 —Mod 2 ——Mod3 ——Mod 4 —Mod1l —Mod2 ——Mod3 ——Mod 4
3 0.7

Global = = = Direct ——FP

1600
1400
1200
1000
800
600
400
200 0.1
0 0
10 12 14 16 18 10 12 14 16 18 10 12 14 16
Hour of day Hour of day Hour of day

2 0.6
0.5
04

0.3
0.2

Module power (W)
Relative power (%)
Mismatch loss (%)

Incident power density (W/m?)




Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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Mismatch within a module

48.2° &

24.7°

sun

0.

INnC

=156°
42.7°

Global = = = Direct ——FP

Incident power density (W/m?)

10 12 14 16
Hour of day

Premium PV software

18

1600
1400
1200
1000
800
600
400
200
0

Module power (W)

—Mod1l —Mod 2

Relative power (%)

3

2

Mod 3 ——Mod 4

10 12 14 16
Hour of day

www.pvlighthouse.com.au

18

Mismatch loss (%)

0.7
0.6
0.5
04
0.3
0.2
01

0

——Mod1 —Mod 2 Mod 3 ——Mod 4

12 14 16
Hour of day

Slide 25



Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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Mismatch within a module
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12-months at NREL, Colorado

Average temperature (oC)

Ambient temperature.

Average wind velocity (m/s)
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12-months at NREL, Colorado
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Modern 72-cell bifacial module

: 110 nm glass ARC

2 mm glass
20x 40 um Ag

/

450 um EVA

3 um M 75 nm SiN,
pyramids ‘

177 um Si

20 um Al, O,
100 um SiN,

450 um EVA

\

20 x 150 um Al
2 mm glass

Collection efficiency
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IV parameters at STC under uniform illumination.
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Front illumination
Datasheet
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Solve 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.
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ple: 1-high central module, sunny day

(b) 10 AM

(c) 12PM

(d) 2 PM

4.2%

4.0%

4.1%

2.7%

2.3%

-0.7%

-0.5%
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Example: 1-high central module, cloudy day

(b) 10 AM (c) 12PM (d) 2 PM

1.2% | 1.6% | 1.1% 4 d 5 14% [ 1.2% d 3 - 5 1.2% | 1.1%
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Example: 2-high central module, sunny day

(a) 8 AM (b) 10 AM (c) 12 PM (d) 2 PM (e) 4 PM

03% | 0.1% . 0. 0. 2.9% | 2.9% | 2.5% 2 ! k 2.4% | 1.8% 4 b . . 0.5% | 0.5% % . 4 0. 0.1% | -0.1%

-0.3%

-0.3%
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Mismatch loss — central module
(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% 80%
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Evaluate different system configurations
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Evaluate different system configurations
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One-high
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Two-high
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Summary

* 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.

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

— simulation assumptions.

 Mismatch loss due to non-uniformity in 1-high configs is about:
0.23% for our baseline conditions,

2-3 times greater than two-high configs,
50% greater for edge modules,
Depends strongly on albedo.
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