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Understanding Bifacial PV
Modeling: Raytracing and View
Factor Models
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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
 accurate assessment of site albedo.

* documented bifacial gains in the field

NREL | 2



View Factor Rear Irradiance

basic computationally  Behind SAM, PVSyst, basic
geometry inexpensive bifacialvf and others geometry e i3



Other option: Raytracing Software e |



Raytrace benefits:
* Any size array
 Sample any module
* Evaluate edge effects
 Complicated geometries
 Modules
* Racking
* Obstructions
e Evaluate shading
* Evaluate electrical mismatch
* QOpen source
* Dedicated visual interface
* Validated

Cons: & Visual interface

e Complexity < Training

e Runh-times € HPCintegration
hIfEBIEI_I‘EIdIEI'IEE Courtesy of Jason Alderman é SlmpllfIEd %de?s

Created with NREL bifacial_radiance https:/github.com/NREL/bifacial_radiance




2D simulation of sheds

Monthly albedo values

for back side diffuse

IAM for backside
reflections

x Circumsolar anisotropy

Diffuse shading
w/trackers

Irradiance non-uniformity

x Spectral-corrected
backside irradiance

x Specular reflections

Updated from Itai Suez, PV Performance & Reliability Workshop, Feb. 2019

Irradiance non-uniformity is addressed in PVSyst and SAM as part of the correction factors that can be applied to annual rear irradiance.
SAM has a known issue with front-side diffuse shading in trackers deactivating for hours that have backtracking. Rear-side diffuse shading
is still considered by the model. This issue is fixed in the beta version SAM Beta 2020.1.6 and future releases.

Perez model for rear
irradiance, which includes
circumsolar

Apply IAM to both diffuse,
reflected and direct-beam
irradiance on the front and

rear

/

X
M

(3D, actually)

bifacial_radiance development branch considers IAM reflections for glass and is being modified for Spectrally-detailed simulations.

NREL
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bitacial radiance

Open Source toolkit for working with RADIANCE for the
ray-trace modeling of Bifacial Photovoltaics

Available on: https://github.com/NREL/bifacial radiance
Documentation: https://bifacial-radiance.readthedocs.io
Installation: https://youtu.be/4A9GocfHKyM
Training: https://youtu.be/1X9L-R-RVGA | https://www.nrel.gov/docs/fy200sti/75218.pdf
V.0.3.3.1 (10/16/19) NREL | 7



https://github.com/NREL/bifacial_radiance
https://bifacial-radiance.readthedocs.io/
https://youtu.be/4A9GocfHKyM
https://youtu.be/1X9L-R-RVGA
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Python Interface

import bifacial_radiance
bifacial_radiance.gui()

& Spyder (Python 3.7)

File Edit Search Source Run  Debug Consoles Projects Tools  View Help

DeB2=Ee rODDd¢ )«

=E»E B F -

Editor - C:\Users\sayala\untitieda. py & X || Variable explorer

] untitledn.py (£ & E3 5 &

1# -* coding: wtf-8 -%- Mame Type Size Value

3w

3 Created on Tue Oct 22 16:82:54 2019

4

5 @author: sayala

g
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Variable explorer File explorer Profiler Static code analysis
|1Pyihnncnnsnle 5 X
[ Console 1/a £ L -3
Python 3.7.3 (default, Apr 24 2819, 15:29:51) [MSC v.1915 *
64 bit (AMDE4)]
Type "copyright"”, "credits" or "license" for more
information.
IPython 7.6.1 -- An enhanced Interactive Python.
In [1]: impert bifacial radiance
In [2]: bifacial_radiance.gui()
v
History log IPython console
Save file Permissions: RW End-of-lines: CRLF Encoding: UTF-8 Line: 8 Column: 1 Memory: 80 %

Main Control
Ve B s
oo sav

TestFolder C\Users\sayala\Docun  Sesrch
WeatherFile Input: & GetEPW T ReadEPW / TMY
Get EPW (Lat/lon}: |33 [-110

EPW / TMY Files FWJﬂ U";H Wil Fachm Search

Simulation Name: Demol

Simulation Control
[ Fixed, Cumulative Sky Yearly
Frced, Cumulative Sky with Start/End times
Fiwed, 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 Whele Year
StartDate [ MM | DD | HH k 16 21 |
Enddate { MM | DD | HH }: EE! i — 3_0 120
Timestamp Start 4020
Timestamp End: 4034

Tracking Parameters
Backtrack & True T Falze

Liruat Angle [d-ﬂ]]: -El
Angle delts (degl 15

Asis of Rotatien: & Tergue Tube Panels

TorqueTube Parameters

TorqueTube: I True False
Diameter o1
Tube type: % Round ™ Square " He 1 Oct

TorqueTube Materiak = Metal_Grey ¢ Black

Module Parameters |Prsm Sotr 850

Number of Panels 2

Cell Level Module |— Tue |

AUME el e murmicells ¥ l:
Sire Kcell 015 Size Yell: 035
Xcell gage 0,01 Yeell gap: oo
Medule size « g8 ¥ {108
Xgap|¥oap|Zgep: |0.05 0.15 0.0
Bifacial Factor (Le. 0.9): /0.9 VIEW

Module Name: [Prism Solar Big0

Rewrite Module: & True  False
Scene Parameters

Rowspacingby: & GCR ™ Pitch

GCR: 0.35 Pitch: [10
Albedo: ne2

£ Mods: 20 £ Rows: [7
Azimuth Angle (ie. 180 for South): 180

Clearance height= 0.8 Tile |10
Axts Anmuth (Le. 180 for EW HSATrackersk |180
Hubheight |09 VIEW I

Analysis Parameters

& Sensors: '9
Med Wanted: 10 Fow Wanted: 13
cLear|  peFauLT | RUN

NREL
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Looking at some details

* Validation
 Size of array
* Edge effects

* Racking/tracking torque tubes



Golden CO, 3-row x 20 modules testbed

; I-.T o 7 - :"-F-"r - -ll..-' - e

el = s

S. Ayala Pelaez, C. Deline, S. Macalpine, B. Marion, J. S. Stein, and R. K. Kostuk, “Comparison of bifacial solar
irradiance model predictions with field validation,” IEEE J. Photovoltaics, vol. 9, no. 1, pp. 82—88,
2019. https://ieeexplore.ieee.org/abstract/document/8534404


https://ieeexplore.ieee.org/abstract/document/8534404

Rear irradiance profiles for two noon hours

O Measured Testbed was modified for
_ 300 - = View Factor clearance, tilt, and row-to-row
"'é' .\ *» » » » » Radiance spacing.
£250
E -l::'-;' "o -learanCe = 0.6
@ 200 | -~ s,
[ ] ] L * % . .o
.E "’ - “fo L
g0 i S
@ 100 ﬁ)\
E "-_ Clearance = 0.15m _,f# @ :
~ 5o D R X2 Data available by request, or
E = =~ 0 check the resource below

o

(awaiting release)

ED 150 ZED 350 450 EED Avyala Pelaez, Silvana et al. (2019): Submission Name: Bifacial PV test-bed

Bac I(Side SE“SQI‘ PQSitiﬂn [m m} irradiance measurements. National Renewable Energy Laboratory.
https://data.nrel.gov/submissions/125

S. Ayala Pelaez, C. Deline, S. Macalpine, B. Marion, J. S. Stein, and R. K. Kostuk, “Comparison of bifacial solar irradiance model predictions with field validation,” IEEE J. Photovoltaics, vol. 9, no. 1, pp.
82-88, 2019. https://ieeexplore.ieee.org/abstract/document/8534404 NREL | 11



https://ieeexplore.ieee.org/abstract/document/8534404

Bifacial Gains Modeled vs. Measured

Each measurement is at least 2 weeks of data for each setup.

Lid

=
L
=

O Measured

E 15 = UIE‘W F.Ellltﬂr . l‘_'_-l- . 15_ h — D-‘q_ JI
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Clearance h = H/CW [unitless] row-to-row spacing= R/CW [unitless]

S. Ayala Pelaez, C. Deline, S. Macalpine, B. Marion, J. S. Stein, and R. K. Kostuk, “Comparison of bifacial solar irradiance model predictions with field validation,” IEEE J. Photovoltaics, vol. 9, no. 1, pp.
82-88, 2019. https://ieeexplore.ieee.org/abstract/document/8534404 NREL | 12



https://ieeexplore.ieee.org/abstract/document/8534404

Ayala Pelaez, C. Deline, et al "Effect of torque-tube parameters on
rear-irradiance and rear-shading loss for bifacial PV performance
on 1-axis tracking systems". 46t PVSC Proceedings, Chicago 2019.
https://www.nrel.gov/docs/fy200sti/73203.pdf

Slides: https://www.nrel.gov/docs/fy190sti/74236.pdf
F— Y — ] L=

Jackson Michigan 1-axis tracker example

oPhiladeiphia
T MDY e 1

[
(EST Washington

Rear irradiance at
various positions on tracker

Single row of HSAT, N-S oriented
on Jackson, Michigan
Data collected for 4 months, Dec.

2018 to April 2019.
Albedo measured on location. C
CYPRESSCREEK

RENEWABLES


https://www.nrel.gov/docs/fy20osti/73203.pdf
https://www.nrel.gov/docs/fy19osti/74236.pdf
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Ayala Pelaez, C. Deline, et al "Effect of torque-tube parameters on rear-irradiance and rear-shading loss for bifacial PV performance on 1-axis tracking systems". 46th PVSC
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Looking at some details

e Validation

* Size of array

e Edge Effects

* Racking/tracking torque tubes



System Experiences Self-Shading

150 -

Y 120 - : K _

é o~ Single row

Y 90 - Front row

c

K =

-rg 60 - Interior row

o 30 -

(a'd

O I I I ]
0 5 10 15 20
Modules per row
Fixed tilt systems: Stea dy state’:

C. Deline et al., “Assessment of bifacial photovoltaic module power rating methodologies — Inside
and out,” J. Photovoltaics 7 (2017). 7 FOWS X 10 mOdU |€S

Tracked Systems:

S. Ayala Pelaez, C. Deline, et al P. Greenberg, J. S. Stein, and R. K. Kostuk, “Model and Validation of Single-Axis Tracking with Bifacial PV”, IEEE J. Photovoltaics,

vol. 9, no. 3, 2019. https://ieeexplore.ieee.org/abstract/document/8644027. Pre-print version: https://www.nrel.gov/docs/fy19osti/72039.pdf NREL
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Looking at some details

e Validation

 Size of array

* Edge Effects

* Racking/tracking torque tubes



Hourly Bifacial gain in irradiance
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© Dr. Andrew J. Marsh, 2014.httd://andrewmarsh.com/apps/staging/sunpath3d.html X Position [m]

Ayala Pelaez, Silvana, et al. "Model and Validation of Single-Axis Tracking With Bifacial PV." IEEE Journal of Photovoltaics(2019). NREL | 18
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123 received on the HSAT installation, GCR=63% @ ® © (@ ©
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Fig. 9. Relative difference in Iy, from the average for the one-high configuration on a sunny day, Mar. 6, 2018. (a) 8 A.M. (b) 10 AM. (c) 12 PM. (d) 2 PM.
100 (e) 4 PM.
97
96
Border conditions are well represented.
8 Front face
- L - - 1016 A. Lindsay, “Modelling of Single-Axis Tracking Gain for Bifacial
z6f } ] w155 PV Systems,” in Proc. 32nd European Photovoltaic Solar
@ 1015 ;
B, s Energy Conference, Munich, Germany, 2016, pp. 1610-1617
0 1 2 3 4 5 6 7
x-axis (m) Keith R. McIntosh, Malcolm D. Abbott, Benjamin A. Sudbury,
Rear Face . . . .
97 g - Jenya Meydbray, "Mismatch Loss in Bifacial Modules Due to
98 £ I = Nonuniform Illumination in 1-D Tracking
% 6 | - 200 n .
102 3 i | - Systems", Photovoltaics IEEE Journal of, vol. 9, no. 6, pp.
a4 1
111 " : . , . ] 1504-1512, 2019.
 § 6 5 4 3 2 1 0
% x-axis (m)
- “ . . .
12 modules: landscape configuration, 3 bypass diodes per modules, 5 mesh elements per bypass block - R LQQQ T.Ca pe“e' et al A comparison Of blfaCIaI PV sy5tem

modelling tools”, 6% bifiPV Workshop, Amsterdam NL 2019
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Looking at some details

Validation
Size of Array

Edge Effects

Racking/tracking torque tubes



Impact of Edges Effects +

torquetube shading losses

Raytracing can account for torquetube and edge
brightening.

Modules
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Figure 5 Year cumulative Giot [Whm™] for an interior row of 20 module * 7 rows HSAT at 1.5-m hub

height. considering torque tube.

Deline, C., Ayala Pelaez, S., MacAlpine, S., Olalla, C. «Estimating and Parameterizing Mismatch Power Loss

in Bifacial Photovoltaic Systems», (submitted PinPV) Lolo21



Shading Factors

(Tutorial 9)

Torgue tube shading loss

{4341
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- |
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el Ny
3

S —10

@

I:_D 15 — A0CM QAD
= 20cm gap
o ™
- Tdcm gap

5 —20 - g

=1.00-0.75-050-0.25 0.00 025 050 075 1.00

Module X position [m)

Fig. 13. a) RADIANCE mmage showing torque tube behimd a modules
row and b) (free across the module averaged over a sunny day.

S. Ayala Pelaez, C. Deline, S. M. MacAlpine, B. Marion, J. S. Stein and R.
K. Kostuk, "Comparison of Bifacial Solar Irradiance Model Predictions With
Field Validation," in IEEE Journal of Photovoltaics, vol. 9, no. 1, pp. 82-88,
Jan. 2019. doi: 10.1109/JPHOTOV.2018.2877000

*Correction to this figure: Silvana Ayala Pelaez, Chris Deline, Peter
Greenberg, Joshua S. Stein, Raymond K. Kostuk, "Corrections to “model and
validation of single-axis tracking with bifacial pv” [may 19 715-

7211", Photovoltaics IEEE Journal of, vol. 9, no. 6, pp. 1880-1880, 2019.

https://www.nrel.gov/docs/fy190sti/72039.pdfyre, | 22



https://www.nrel.gov/docs/fy19osti/72039.pdf

Daily Simulations — o

-—=- ref _cell

Radiance

PVFactors BifacialVF
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T. Capelle, et al “A comparison of bifacial PV system modelling tools”, 61" bifiPV Workshop, AmsterdamNL 2019



Varying torquetube
reflectivity

8760 .
Yt=0 Grear average (With tube)

8760
Yt=0 Grear average (NO tube)

G, Shading Factor = 1 —

2 PM, Jun 19, No gap

300 1** NoTT
With metallic TT
250 — With black TT
5.7% N 200 -
Shading -
Factor E 150
100
50
Panel A Panel B
7.8% 0 — . . . . .
Shading 0 20 40 60 80 100
Factor Position on Collector Width [%]

Avyala Pelaez, C. Deline, et al "Effect of torque-tube parameters on rear-irradiance and rear-shading loss for bifacial PV performance on 1-
axis tracking systems". 46t PVSC Proceedings, Chicago 2019.
ttps://www.nrel.gov/docs/fy200sti/73203.pdf Slides: https://www.nrel.gov/docs/fy190sti/74236.pdf



https://www.nrel.gov/docs/fy20osti/73203.pdf
https://www.nrel.gov/docs/fy19osti/74236.pdf

Varying torquetube
reflectivity

TN 4

- 2 PM, Jun 19, 10 cm @
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—_—m 250 |

1
()

-1.7% 200
Shading
Factor

—_—m — 100

s NoTT
50 With metallic TT
— With black TT
8.5% 0
Shading 0 20 40 60 80 100
Factor Position on Collector Width [%]

_ Avyala Pelaez, C. Deline, et al "Effect of torque-tube parameters on rear-irradiance and rear-shading loss for bifacial PV performance on 1-

axis tracking systems". 46t PVSC Proceedings, Chicago 2019.
ttps://www.nrel.gov/docs/fy200sti/73203.pdf Slides: https://www.nrel.gov/docs/fy19osti/74236.pdf



https://www.nrel.gov/docs/fy20osti/73203.pdf
https://www.nrel.gov/docs/fy19osti/74236.pdf

On electrical mismatch...

* bifacial_radiance provides
irradiance results at the

module.

* Coupled to SLIJD\I/\IMim;Q:/hE R for

simple electrical modeling.

* Working on further
streamlining and result
interpretation, as well as
reduced-order models.

In the meantime, we have tutorials

Irradiance
Distribution

Power output
*Mismatch los:

Reduced Order Model

Deline, C., Ayala Pelaez, S., MacAlpine, S., Olalla, C. «Estimating and
Parameterizing Mismatch Power Loss in Bifacial Photovoltaic Systems»,
(submitted PinPV)

36th EUPVSEC version: https://www.nrel.gov/docs/fy200sti/73541.pdf
Slides: https://www.nrel.gov/docs/fy190sti/74885.pdf NREL | 26
Poster: https://www.nrel.gov/docs/fy190osti/74831.pdf



https://www.nrel.gov/docs/fy20osti/73541.pdf
https://www.nrel.gov/docs/fy19osti/74885.pdf
https://www.nrel.gov/docs/fy19osti/74831.pdf

Yearly hourly simulations take




Conclusions

Energy gain on bifacial systems depends on the site configuration and surface albedo. Models
like SAM, PVSyst, and bifacial _radiance can assist with system design and power estimation.

Model validation is underway, and current VF software (SAM, PVSyst) appears to be
conservative relative to measured rear irradiance.

Raytrace softwares, such as the open source bifacial _raytrace, allow for more detailed
simulations, which provide better agreement with results. It can help calculate particularities
of your system (i.e. shading factor and electrical mismatch), and also to develop reduced-
order models.

Computationally intensive? Try HPC... or AWS (in theaters near you in 2020)



Thank you

www.nrel.gov

silvana.ayala@nrel.gov
chris.deline@nrel.gov

This work was authored [in part] by the National Renewable Energy Laboratory, operated by
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