


Bifacial performance modeling

The PV industry is
set for rapid uptake
of bifacial PV if key
barriers are
eliminated

* accurate performance models,
* standards around the rating of bifacial modules, and

e accurate assessment of site albedo.
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View Factor Rear Irradiance

basic computationally Behind basic
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NREL Models

* OPENSource

e Bifacial vf: https://github.com/NREL/bifacialvf

* |Implemented in SAM:

n SAM 2018.11.11: Ch\Users\sayala\Documents\GitHub\Soltec\2019_05_06 Annual shading analysis\Soltec_1_axis_shading.sam

File v ®Add  TMY

300.120000 27540
0 299.736000 27540

Nominal efficency. 156031 %
Maximum power :I’mp]: 289,736 :Wdc

Max power valtage Vmp) | 36.2 _Vdc
Max power current tlrnp]_ 83 _Adc
Open dreuit voltage (Voc) 454 Vde
Short circuit current (1sc)| 8.8 Adc

Bifacial Specifications
Maodule is bifacial

Transmission fraction 0.013 |p1
Bifaciality 1041
Ground clearance height| 235 |m

Photovoltaic, Single owner Trina Solar TSM-300PA14A.08 Multi-c-Si
; ~  Trina Solar TSM-300PD14 Multi-c-5i
System Design T A
<
Shading and Layout Module Ch ics at Ref [«
Reference conditions: | Total Imadiance = 1000 W/mz2, Cell temp = 25 C
Losses
Trina Solar TSM-300PD14
Lifetime _
ze
£
Battery Storage %
g
System Costs a
3
Financial Parameters 2
. ; 0 . . . .
Time of Delivery Factors ) 10 20 30 0
Module Veltage (Volts)
Incentives
Depreciation
Electricity Rates Temperature Correction
- (®) Nominal operating cell temperature (NOCT) methad

Simulate * l‘_ () Heat transfer method

See Help for mare information about CEC cell temperature maodals.

Parametrics Stochastic

P50 / P90 Macros

NOCT method parameters
Mounting standoff

Array height

>

-

W

N. DiOrio, C. Deline, “Bifacial simulation in SAM”, presented at 5t BifiPV in Denver, CO 2018.

Bifacial Gain BG; %

Published Comparison of Models
With Validation data:
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s Badiance

o= SolarWorld
PVSyst 6.6.7

0.3 0.4 0.5 0.6 0.7 0.8
Row Pitch [m]

S. Ayala Pelaez, C. Deline, S. MacAlpine, B. Marion, J.
Stein, R. Kostuk, "Comparison of bifacial solar irradiance
model predictions with field validation" IEEE Journal of
Photovoltaics, 2019, vol 9 no. 1, pp. 82-88.
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https://github.com/NREL/bifacialvf
https://github.com/NREL/bifacialvf

Rear Irradiance Modeling

ifacial radiance
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Bifacial Radiance Rear Irradiance

Complicated geometries possible, including racking and terrain.

Radiance uses backward ray-trace to evaluate the irradiance (W/m?) at the modules

NREL | 6



Bifacial Radiance Rear Irradiance

Open Source!

Bifacial_radiance is a python wrapper for calling and using Radiance, with specific
functions to generate geometry (text files) related to bifacial pv systems
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New GUI! v3

htfps://github.com/NREL/bifaciaI

radiance

AR s A VYA

ain Control

B sech |

A - ity - LA

READ SAVE
TestFolder: [C:\Users\sayala\Docun  Search |
WeatherFile Input: & GetEPW € ReadEPW / TMY
Get EPW (Lat/Lon): 33 -110
EPW / TMY File: [EPWs\\USA_VA Richm  Search I
Simulation Name: ‘-[_Jemcﬂ

Simulation Control

I Fixed, Cumulative Sky Yearly
Fixed, Cumulative Sky with Start/End times

Fixed, Hourly by Timestamps

Fixed, Hourly for the Whole Year

Tracking, Cumulative Sky Yearly

Tracking, Hourly for a Day

Tracking, Hourly with Start/End times

Tracking, Hourly for the Whole Year

StartDate ( MM | DD | HH ): 3 [21
Enddate (MM | DD | HH ): 6 [30
Timestamp Start: |4020
Timestamp End: 4024
Tracking Parameters
Backtrack: & True  False
Limit Angle (deg): [60
—
Angle delta (deg): |5
Axis of Rotation: @ TorqueTube  Panels
TorqueTube Parameters
TorqueTube: I True False
Diameter: [0.1
Tube type: * Round " Square " Hex

TorqueTube Material: ™ Metal_Grey ( Black

. Oct

Module Parameters |Prism Solar gi60
Number of Panels \r

CellLevelModule | False True |

numcells x: 112 numcells y: iﬁ

Size Xcell: }VO.H Size Ycell: W :
Xcell gap: [0.01 Yeell gap: [o.01
Module size x \OT y: W
Xgap | Ygap | Zgap: 1'0.05 i0.15 i0.10
Bifacial Factor (i.e. 0.9): [0.9 - VIEW |

Module Name: [Prism Solar Bi60

Rewrite Module: & True  False

Scene Parameters

Row spacing by: & GCR " Pitch

GCR: lo3s Pitch: [10
Albedo: [0.62

# Mods: 0 # Rows: [7
Azimuth Angle (i.e. 180 for South): 180

Clearance height: !-0.8 Tilt: [10
Axis Azimuth (i.e. 180 for EW HSATtrackers): |130

Hub height: 0.9 VIEW |

Analysis Parameters

# Sensors: 9 .
Mod Wanted: 10 Row Wanted: |3
CLEAR | DEFAULT | RUN



https://github.com/NREL/bifacial_radiance

New GUI: features

Main Control
Input Variables File: BB Search
= =

e callector width 04
TestFolder: |C:\Users\sayala\Docun  Search g .
. L
WeatherFile Input: & GetEPW " ReadEPW / TMY I ull I
Get EPW (Lat/Lon): 33 -110 : , - g - :
EPW / TMY File: EPWS\\USA_VA_Richm  Search l"li—:l':ili—il'" i
|
Simulation Name: Demaol ! i I !
- ===, Tubezgap
= & — dureEn
Simulation Control _‘i
I Fixed, Cumulative Sky Yearly Module Parameters |Pnsm Solar Bi60
Fixed, Cumulative Sky with Start/End times Number of Panels 2 hu hm
Fixed, Hourly by Timestamps Cell Level Module False True
Fixed, Hourly for the Whale Year numcells x 12 numcells y: 6
Tracking, Cumulative Sky Yearly e Koel L e el
: Kcell gap: 0.01 Vcell gap:
Tracking, Hourly for a Day Modilesize. 0.98 ¥ I ra C kEd
Tracking, Hourly with Start/End times Xgop | Ygep | Zgep: (0.05 0.15 0.10
Tracking, Hourly for the Whole Year Bifacial Factor (i.e. 0.9): 0.9 VIEW I
StartDate { MM | DD | HH ): & 5 Module Name: Prism Solar Bi60

Enddate ( MM | DD | HH ) 6 Rewrite Module: * True  False

Timestamp Start:

Timestamp End:

Scene Parameters

= Row spacingby: & GCR  Pitch
Tracking Parameters e o3 Bk
Backtrack: ® True € False Albedo: 0.62
g): |60 # Mods: 20 # Rows: 7
5 Azimuth Angle (i.e. 180 for South):|180
® TorqueTube  Panels Clearance height: 0.8 Tilt: 10
Aoas Azimuth (i.e. 180 for EW HSATtrackers): 180
Hub h 0.9 VIEW

TorqueTube Parameters Analysis Parameters

TorqueTube: I True False #Sensors: |9

Diameter: 0.1 Mod Wanted: 10 Row Wanted: 3
Tube type: & Round " Square © Hex ' Oct

o CLEAR| DEFAULT| RUN
TorqueTube Material: & Metal_Grey " Black
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Main Control
Input Variables File: BB Search
= =

TestFolder: !m Search
WeatherFile Input: & GetEPW " ReadEPW / TMY
Get EPW (Lat/Lon): |33 -110 j
EPW / TMY File: EPWs\\USA_VA_Richm Search

Simulation Name: Demaol

Simulation Control

[ Fiedl; Curmilative Sky Vearly
Fixed, Cumulative Sky with Start/End times

Fixed, Hourly by Timestamps

Fixed, Hourly for the Whole Year

Tracking, Cumulative Sky Yearly

Tracking, Hourly for a Day

Tracking, Hourly with Start/End times

Tracking, Hourly for the Whole Year
StartDate [ MM | DD | HH ): B
Enddate ( MM | DD | HH ):

Timestamp Start:

Timestamp End:

Tracking Parameters
Backtrack: @ True € False
Limit Angle (deg): |60

Angle delta (deg): 5

Axis of Rotation: @ Torque Tube € Panels

TorqueTube Parameters

TorqueTube: I True False

Diameter: 0.1
Tube type: & Round " Square  Hex
TorqueTube Material: & Metal_Grey " Black

T Oct

New GUI: features

-

Module Parameters Prism Solar Big0
MNumber of Panels

Cell Level Module False True

Module size x y: 1.98
Xgap | Ygop | Zgap: 0.15 0.10
Bifacial Factor (i.e. 0.9): 0.9 VIEW

Medule Name: Prism Solar Bi60

Scene Parameters

Row spacing by: @ GCR  Pitch

GCR: 0.35 Pitch: .‘|_':
Albeda: 0.62

# Mods: 20 # Rows: 7
Azimuth Angle (i.e. 180 for South):|180

Clearance height: 0.8 Tilt: 10
fons Azimuth (i.e. 180 for EW HSATtrackers): 180

Hub height: 0.9 VIEW |

Analysis Parameters
# Sensors: 9
Mod Wanted: 10 Row Wanted: 3

CLEAR | DEFAULT | RUN

NREL
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New GUI: features

Main Control

Input VariablesFile: BB Search
ﬂl SAVE

TestFolder: [CA\Users\sayala\Docun  Search

WeatherFile Input: @ GetEPW " ReadEPW / TMY
Get EPW (Lat/Lon): 33 -110
EPW / TMY File EPWs\\LISA_VA

Simulation Name: Demol

Simulation Control

[ Fixed, Cumulative Sky Vearly Module Parameters [Frism sor 860 ]
Fixed, Cumulative Sky with Start/End times Mumber of Pansls 2
Fixed, Hourly by Timestamps Cell Level Module False
Fixed, Hourly for the Whale Year numcells x 2 wumcells y: 6
Tracking, Cumulative Sky Yearly Size Xcell L 0.13
: Kcell gap: 0.01 0.01
Jyecians oy fore 9 Module size x 098 1.98
Tracking, Hourly with Start/End times Xgop | Ygep | Zgep: 0,05 0.15 0,10
Tracking, Hourly for the Whole Year Bifacial Factor (i.e. 0.9): 0.9 VIEW
StartDate ( MM | DD | HH B 5 Module Name: Prism Solar Bis0
te (MM | DD | HH 6 30 Rewrite Module: * True " False
Timestamp End:
Scene Parameters
= Row spacing by: @ GCR  Pitch
Tracking Parameters e g .
Backtrack: @ True € False Albedo: 0,62
60 # Mods: 20 # Rows: 7
5 Azimuth Angle (i.e. 180 for South):|180
@ TorqueTube € Panels Clearance height: 0.8 Tilt: 10

Azimuth (i.e. 180 for EW HSATtrackers):

D.9 VIEW | |

Analysis Parameters

TorqueTube Parameters

TorqueTube: True False #Sensors: |9
Diameter: Mod Wanted: |10 Row Wanted: |3
Tube type: * Round (" Square Hex {

B cLear|  perauLT | RUN
TorqueTube Material: & Metal_Grey Black
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New GUI: features

[ R0

Main Control

Ins d EDN secn |
READ ﬂl

TestFolder: [CA\Users\sayala\Docun  Search '

WeatherFile Input: & GetEPW € ReadEPW / TMY

Get EPW (Lat/Lon): 33 [-110

EPW / TMY File: EPWs\\USA_VA_Richm Search |

Simulation Name: Demot

/ Simulation Control \

] Fixed, Cumulative Sky Yearly Module Parameters |prism Solar Biso
Fixed, Cumulative Sky with Start/End times Mumber of Panels [2
Fixed, Hourly by Timestamps Cell Level Module | False True |
Fixed, Hourly for the Whale Year numcells x ])_ .| numcells y: 6 I
Tracking, Cumulative Sky Yearly Size Xcelk: \"1 3 i el
Xcell gap: 0.0 Ycell gap: 0.01
Tracking, Hourly for a Day Module size 1 logs v Hes
Tracking, Hourly with Start/End times Xgop | Ygop | Zgop: 10.05 015 0.10
Tracking, Hourly for the Whole Year Bifacial Factor (i.e. 0.9): 0.9 VIEW
MM | DD | Module Name: |Prism Solar Bi60
20 Rewrite Module: & True € False
j Robinson, Stone “Irradiation modelling made simple: the cumulative sky approach” 2004
Scene Parameters
= Row spacing by: @ GCR " Pitch
Tracking Parameters GCR: o35 Pitch: IC H our I y
Backtrack: @ True C False Albede: 0.62
Limit Angle (deg): [60 g # Mods: 20 # Rows: 7 .
Angle delta (deg): 5 Azimuth Angle (i.e. 180 for South):|180 C r r ] | t
Axis of Rotation: @ Torque Tube Panels Clearance height: 0.8 Tilt: :_1!) ) u u a I Ve
fAoas Azimuth (i.e. 180 for EW HSATtrackers): 180
(. L] L]
. ) = Cumulative Tracking
TorqueTube Parameters Analysis P
alysis Parameters
TorqueTube: | True False #Sensorss |9
Diameter: o1 Mod Wanted: |10 RowWanted: |3
Tube type: @ Round © Square C Hex  Oct
=z B CLeag| - oerauLT | i S. Ayala Pelaez, C. Deline, P. Greenberg, J. S. Stein, and R. K. Kostuk, “Model and
TorqueTube Material: & Metal Grey  Black - AY ) = e g, J. 5. ’ - N\ y]

Validation of Single-Axis Tracking with Bifacial PV - Preprint,” IEEE Journal of NREL | 12
Photovoltaics, 2019, vol 9 no. 3, pp. 715-721.



High Performance

Computmg Integratlon

Yearly hourly simulations take



Non-GUI Fatures

Bifaciz;'l:}andiance V3
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SceneObjects

Second set of Panels

“sceneObj2”
/ row, five 2-UP modules

Set of Panels 1:

“sceneObj1” —

2 rows of 5 modules
in landscape

Origin Marker (0,0)

NREL | 15
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irr_HotelCaprortMod1.csv

X y z rearZ mattype rearMat Wm2Fron Wm2Back
-3.3 -3.62011 4.42757 4.33757 a0.0.a0.PrismSolar.6457 a0.0.20.PrismSolar.2310 787.6552 161.1096
-3.3 -3.43446 4.49514 4.40514 a0.0.a0.PrismSolar.6457 a0.0.a0.PrismSolar.2310 787.6781 158.4337

-3.3 3.063169 6.860084 6.770084 a0.0.a3.PrismSolar.6457 a0.0.a3.PrismSolar.2310 787.4609 139.0144
-3.3 3.248815 6.927654 6.837654 a0.0.a3.PrismSolar.6457 a0.0.a3.PrismSolar.2310 787.4696 135.215€
-3.3 3.434462 6.995223 6.905223 a0.0.a3.PrismSolar.6457 a0.0.a3.PrismSolar.2310 787.4783 132.7424
-3.3 3.620109 7.062793 6.972793 a0.0.a3.PrismSolar.6457 a0.0.a3.PrismSolar.2310 787.4871 129.142
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white car appears!
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Hourly-yearly simulations

~ (a teaser)




Varying torquetube

zhape Varying zgap Varying ygap
I T
S

N— 7
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Varying torquetube
reflectivity

——

2 PM

— plack TT
—_ NoTT

Panel A Panel B

)

0 50 100 150 200 50 100 150 200
0
Position in panel [cm]

ﬁzo Greqr (no tube)
>N o Grear (With tube)

Shading factor =
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Varying torquetube
reflectivity

1 o —————
N 7

b)
2 PM
] — TT
a ,'l —— black TT
- NoTT
250
Panel A Panel B
200 4
150
10 XJ/
SD o
0 0 50 100 150 200 50 100 150 200
0
Position in panel [cm]
N_ G no tube
Shading factor = n=0 Crear ( )

>N o Grear (With tube)
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Torque tube reflections

Bifacial Gains: How much will bifacial modules add to so...

£ Visit [ Add to Collections <. Share

solar-tracker-value-we-are-about-to-find-out NREL | 24



https://solarbuildermag.com/featured/bifacial-gains-how-much-will-bifacial-modules-add-to-solar-tracker-value-we-are-about-to-find-out/

Varying torquetube 2 UP —16 JUN Sunny day
reflectivity

o AM 10 AM 7 PM
p— p— p—
gap [m] % ~marm| —marm| = ar
— Ny TT — N TT — N TT
=0 0 %0
[} x0 0 x0
E E E
£ 1 £ 1 £ 1
10 10 e
&% &% &%
[ = .- = v v .- = v [ v [ = .- = v v .- = v
Pos W0 I M0 ®0 NG B0 A0 Pom W0 0 W0 X0 NG B0 0 Po® W0 0 M0 X0 NG B W
Paresls Posae Paresls Poscan Pareis Paskae
9 AN 10 4M 7 P
— T — T — T
Ll — bk TT w — blsckTT m — blackTT
— g TT —
=0 0 N T = —_— g TT
x0 200 0
E B £
0.05 £ e 1 E
108 10 o
w0 @ w
[ v - T

IO O 15 AN B0 X0 Bl A0 00 B0 20 B0 X0 Ko &0
Fanaly, Poution Panels Pasios Panels Pasion

"
E
B
g
)
g
2
g
8

3 AM 10 &M

e 00 w0

D. ].D 158 153 159
09 100 100

50 0 @

W0 150 W0 ®0 X0 B1 40

wim
wam
s

-
IR

P W We B0 Mo X He E) a0
Panehs Paston Panets Posmos Parsis Posmaen
9aM 10 4M 7 PM

— T —_— T — T
“’ — bhack T e — biack TT o Ep—

— s TT — NaTT —_
B0 B0 - N TT
be i 0 0

0.15 108

o]
5 ¥
o)

s E E
o)

s E E

ol

W M0 150 M0 B0 X0 B0 40 W W0 B0 M0 K0 X0 B0 40 T W w0 mo w0 ®0 x0  ®E0 &0
_— . . S
9 am 10 am 2 pm e

-
-




Varying torquetube

reflectivity
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Shading to Electrical Mismatch

Sharing X axis Sharing X axis
1000 —

pa2t+—H—H H H H H K H H H H
0.90 - i i _-_""_‘-—-_,\HL_ | | | | | 0.975 4 - - . . i - _ 1| i i

I | 1 " | pesof H OH H O H R H 1
(.38 ‘_\ L]

'_._,_,..-"

pese{ H H H H R H H \ H pg2s{ H H H H |
L T 1 O £ O O O 7N psoo1 H o N )
B nnnnnonon \ os1s 1 It AT |
T 1 N O I O 1 B | | 08501 | Al |
o1 H H R H H R R H R H |
0761 H H R H H R R H R H |

Bifacial radiance Analysis module
SUNPOWER ties to PVMismatch

OpenSource!: https://github.com/SunPower/PVMismatch NREL | 27



https://github.com/SunPower/PVMismatch

Electrical Mismatch Model

 Bifacial mismatch loss caleulation — * Front + rear irradiance distribution
| depends on the mounting and site
conditions.

* Jrradiance mismatch causes additional loss
relative to uniform assumption

olage VIV * Empirical model provides good fit based
on st.dev (o) or MAD (4) of I

a}Bifacial total irradiance

Current | [A]

Mismatch loss M[%] for indoor IV shading tests
' 1.067 + 1.82 *In(c[%])

e

0.12 A[%] + 2.77 A[%]?

M[%]Fit1
M[%]Fi¢3

6%

Mismatch [%]

EU-PVSEC Oral Paper Accepted

0% 20%

10%
o [%] or A [%)]

C. Deline, S. Ayala Pelaez, S. MacAlpine, C. Olalla, C. “Bifacial PV
Mismatch Loss and Parameterization”. EUPVSEC 2019  NReL | 28






Electrical Mismatch Model Validation

Custom modules to measure shading loss of Torque Tube

Strung cross-wise with multiple junction boxes for sub-module Isc
measurement

Junction boxes

+ + + + + + (+) @/@/&a <
646 e 2e e eleeeleted olloleleleleleliolelelelle

N ¥ e ¥ s W e N s e T asas Ve N ann e N E + + + + + + + + + + + + %
b e ) e e ) ) e e L e 8 UL L LU L L L L L $
s s e e =g e S % + )+ Jle JLe e S + + s JL+ L J s %
e e, e, e, e e, e, e, e, e Eﬂ + L+ JLs JLe JLr L+ + + L L L Sy :
e s = s e e % || | | S | O | S L
UUUUUULDUD U OO olliolleliollioliclloliollioliocllol Io

Long Edge, 12 cells
Long Edge, 12 cells
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Look for more

- Y- §

12th, PVPMC (Albuquerque)
* New GUI Release
* Subtleties of modeling bifacial modules.

46 IEEE PVSC (Chicago)

* Conference plenary talk, Workshop: Overview of
bifacial PV status,

* Oral Session: shading effects on bifacial trackers.

36t EU PVSEC (Marseille)
* Oral Session: electrical mismatch and shading.
* Progress in Photovoltaic journal?

6t Bifi PV Workshop (Amsterdam)

* Oral Session: NREL bifacial field measurements of
electrical mismatch and shading.

* Oral Session: Albedo updates.

NREL | 31



Conclusions

* Complete overhaul of internal geometry creation.

* Improved scanning functions.
* Cell level module creation enabled.

* Many customization options of the geometry in response to identified needs of industry
and research.

* Appending of terrain, structures and things made easier.

* (currently) Streamlining functions and input parameters for seamless
interaction with GUI, HPC and regular use.

* Analysis functions, tying with PVMismatch.
* Ongoing work to calculate and relate shading loss and electrical mismatch.
* Doing validation with real systems (need more! E-mail us for collaborations)

* Need beta-testers for GUI and software. Jupyter journals, youtube videos and
support available ©

NREL | 32



Thank you

www.nrel.gov

Silvana.Ayala@nrel.gov

NREL/PR-5K00-74009

A portion of the research was performed using computational resources sponsored by the Department of
Energy's Office of Energy Efficiency and Renewable Energy and located at the National Renewable Energy
Laboratory.

This work was authored in part by the National Renewable Energy Laboratory, operated by Alliance for
Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308.
Funding provided by the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar
Energy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE

or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for publication, e\
acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.
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0.‘1-0‘2 03 04 05 06 07 08 05 1 -__ . . : - '- Albedo data base

Clearance i = H/CW [unitless]

Assess system performance

Single-axis tracking model impact from rear irradiance
shading and electrical mismatch

2018
C, C C ®© :
2017 2019 ‘
Standards for bifacial rating

Comparison of models
and validation with

2PM
te St_ b e d d ata ~ Cumulative bifacial production: +9.4% 7 RS 00 — ;‘Ifa(k .
= m= ! “":‘:i‘n“"‘ 0 — NoTT
- - "mm Lavsrvanrad Panel A Panel B

- frotsen
=] Py
il 200
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= 150
100 /
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o 50 100 150 200 50 o0 150 200

Bifaciality
gain
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o= P R S R A e e
Aoa A gl Al 4B g g b as
B T TE

0
Position in panel [cm]

Framework to
calculate bifacial gain
with field data
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