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Overview

 Introduction
— Bifacial PV modules in PVsyst
— Modelling the backside irradiance

« PVsyst model for bifacial shed installations
— Model describing shed installations
— Calculation of backside irradiation
— Some qualitative results

« Summary and Outlook
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PVsyst Photovoltaic Simulation Software

Modeling of PV installations

* From small residential to large utility installations
* Grid-Connected, Stand-Alone, Pumping
* Tracking Systems

High detail of simulation

* Near shadings from 3D drawings, Horizon definition
* Electrical mismatch model down to bypass diode granularity.
* Thermal model, optical losses, soiling, cabling losses, transformers, Ageing model, etc.

Detailed control of simulation parameters

* Many meteorological data sources can be imported and used

* Database with more than 10 000 PV modules and 3 000 Inverters

* Near shadings from 3D drawings, Horizon definition

* Allloss and model parameters can be controlled by the user

* Many guiding messages and tools to help with the design

* Results with all intermediate calculations can be visualized and exported for further analysis

Follow evolution of PV technology

* Power optimizers
*  Multi-MPPT inverters, string inverters

e Bifacial PV modules
* Etc.
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Approach for Bifacial Modules in PVsyst

Treatment of bifacial modules

* Frontside irradiance is added to % @
backside irradiance x bifaciality factor (default is 0.8)

*  From this Effective irradiance follows the IV-curve 7 Back side irradiance
(single diode model). Front side irradiance [\ | | X

* An additional mismatch factor is foreseen to account bifaciality factor

for inhomogeneous rear side illumination
* This approach is an approximation

* Nameplate power P, has to be front side STC
power! Effective irradiance

-

The main challenge is to calculate the additional Ny
backside irradiance including its inhomogeneity ¥ e
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Irradiance Calculation and Ground Reflections

Shadings of the direct irradiance

Standard PVsyst irradiance contributions

. Dlre'ct ' ' N / ,
Subject to near shadings depending on sun position /

* Diffuse /
Subject to shading factor that is constant for a given plane orientation

* Albedo . ——

. . . . . . Shadings of the diffuse irradiance
Subject to shading factor that is constant for a given plane orientation im0t Aim 20" A 0"
Calculation of azimuth angles that are blocked o' o G
He 20° /////o ////o ////o

Introduced Near Ground Scattering © Diffse shading factor is an itegral

over all hemisphere directions

* Near Ground Scattering (for bifacial simulations) Albedo scattering
Light scattered back from ground that is close to
the PV modules.

Subject to near shadings with solid angle
calculation.
Depends on sun position!

Near ground scattering ¥ Albedo shaded

Albedo visible
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Systems with Bifacial Modules in PVsyst

Basic approach for bifacial modelling

* Amount of diffuse and direct irradiance on back side

* Fraction of direct irradiance that reaches the
scattering ground (depends on sun position)

* Fraction of diffuse irradiance that reaches the
scattering ground (single factor)

* Ground Albedo for the scattering off the ground

* Factor for back and front side acceptance
(View Factor)

* (Constant loss factor describing shadings of
mounting structures, cabling and junction boxes)

Assumptions for ground scattering

Back Side Irradiance

Incoming light, and light scattered back to modules
depend on sun and ground position

Bifacial Module

———> Diffuse Irradiance

=P Ground Scattering

Direct Irradiance

* Direct and sky diffuse irradiance contribute to ground illumination

» Sky diffuse is isotropic

* The diffuse reflection is isotropic (Lambertian Surface)

Only scattering is considered (no specular reflections)

* Non-homogeneous illumination of backside is neglected at this stage

Bruno Wittmer
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Bifacial Modules in Sheds

Bifacial modules are used in different situations

Vertical mounting
Sheds (rows)

(SR Ak Aol FA R [aEq 9@ |~ A a -0 DC R RO LGl aakda 90 A Q@ -9

In the current version, PVsyst
1 models bifacial systems for
shed geometries.

General geometries
will be possible in a
future version

PVsyst Model for regular shed configurations

Simplified 2D calculation (S o st e cony

Orientation parameters

. . .. According to system : roun: am acceptance
Rows without boundary effects (infinitely long) et <] O g0 l.

Plane adimut 00 * [

Pa fam ete rs: Sheds and ground parameter——|
* Tilt, Azimuth e 0 m 7

Shed total width (300 m v

° Width’ Pitch => Profile angle it 21.1

Height above ground [1.00 m

* Height above ground e . . ‘ )
* Ground Albedo Osncelgronaiere [
. . . Profile angls 675 Graph

The factors for the bifacial calculation can be Duncesky 02 wie2 BT AR e
determined by integrating over the distance between it 1507 |
rOWS Daily irradiations for clear sky — g

Morth  [June -l |3
Direct irradiance is only computed for front side. N L :
Near ground scattering is only computed for backside. i rammmans 2oz | MERIREESEYRw)

Global fraction on Ground  51.1 % anreptiarAprifaydn Julfugsep ovbserear Big graph Animation

D

0o0n
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Calculation for Bifacial Sheds (2D Model)

------------------------------------------------------------------------------------

Irradiance reaching the ground

Direct (B) Sky Diffuse (A)
Ground Albedo
................................... \ A
View Factors i Sky Diffuse  Direct
Sky Front Rear(C) { onrear (D) onrear
Loss Add to Rear shadings
front irradiance* l

Module bifaciality

Global irradiance on module

|

Array losses

Front side mismatch*® Rear side mismatch

*Standard PVsyst simulation

Bruno Wittmer Page 8

Shed Definitions

: — '

X

A. Ground acceptance B. Ground Acceptance

of diffuse light of direct light

Ground diffuse acceptance Beam acceptance and reflexion
it angle = 21.1

Sky diffuse on
back side

Backside acceptance D.
of ground (view factor)

Ground reflexion form factor
Limit angle = 21.1

Sky diffuse

Ui
tan?:e at grnund\afe Im] ) )
]
0o0n
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Calculation of Irradiance on Ground

Direct irradiance

- Profile Angle and shed geometry determine the
amount of directly illuminated ground surface.

- Height over ground and profile angle determine
the position of the illuminated stripes

Diffuse irradiance

- Diffuse irradiance from sky is isotropic.

- Ground acceptance of diffuse light is a function
of the position on the ground.

- Itis constant over the year and needs to be
computed only once.

- Underneath the sheds the irradiance is smaller.

- Inhomogeneity tends to level out with
increasing mounting height.

Bruno Wittmer

Standard bifacial model involving sheds-like configuration

Orientation parameters
According to system

Plane 1 [250 ':‘ |z|

Sheds and ground parameter
Pitch [6.00 |m &
Shed tolal widh |3,00 mn &
=> Puolile angle iml 22.3
Height above ground [200 | m
Ground albedo [30.0 | %

7.4 Kwhim2

arsky 1.4 kwhim2
am Ground 49.2%
Diffus n Giound 50.8 X
Global fraction on Ground  49.4 X

Standard bifacial model involving sheds-like configuration

Orientation parameters
According to system

Flane it [250 <"

Flane azimut [0.0 j I

Sheds and ground parameter
Pich [600 m ¥
Shed total width 300 m [

12:00
67.57
826 W/m2

Daily irradiations for clear sky

Month  |June -

Beam clear sky 7.4 kwh/m2
Diffuse clear sky 1.4 kWh/m2
i

Page 9

Ground Beam acceptance
Limit angle = 21.7

o 1 2 3 4 s 6 7 ] 9 10
Distance at ground level [m]

illuminated
stripes

1000 Graph

Beam acceptance on groun
800
Hous of day 12:00
600 < >

Profile angle 67
400

200

/A L n L L
3 6 9 12 15 18 2
Hour of day 210616

Ground diffuse acceptance
Limit angle = 21.1

>\ % 1m over ground

B
Distance at ground level [m]

1 r r r Graph
0.9f-— Diffuse acceptance

Diffusgfacceptanc
0.8

o w ghlston o 520m ;" L e
0.8 J j

o8 i 2m over ground
o Irradiance " .

oz distribution

[} 1 2 3 4

5 & S
Big graph Animation
Distance below shed ggren

D
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Calculation of View Factors

Backside acceptance of ground
(View Factor)

- Ground scattering is isotropic
(Lambertian Scattering)

- View Factor is a function of the position on
the ground.

- Underneath the sheds the view factor is large.

- Inhomogeneity tends to level out with
increasing mounting height.

Ground reflexion form factor
Limit angle = 21.1 1.

N

4 6
Distance at ground level [m]

1.0

Standard bifacial model involving sheds-like configuration
You can play with the shed's parameters as you like for parametric analysis.

The simulation will use the parameters determined from the system

Orientation parameters

According to system

Plane it [Z50 ="

Plare azimut 0.0 j v

Sheds and ground parameter
Pitch 750 m v
Shed total width [308 m v
=» Profile angle limit 155
Height above ground (200 m

Ground albedo (300 % v

Irradiance on ground

21 June 12:00
Profile angle B7.5*
Beam clear sky 826 Wim2
Beam fraction on Ground — 55.6 %
Diffuze fraction on Ground 606 %
Global fraction on Ground  56.2 %

Daily irradiations for clear sky

Month  June -
Beam clear sky 7.4 k'wh/m2
Diffuze clear sky 1.4 kwh/m2

Beam fraction on Ground  59.6 %
Diffuze fraction on Ground 606 %
Global fraction on Ground  58.9 2

Ground reflection view factor -5
Limit angle = 15.5

(checkboxes checked)

Distance at ground level [m]
—

Graph

3 T T
] View factor

|V’|ew factor j

* position on ground 6.20 m

K o 2

Ammatlon

7 —

sheds at ground level

Ground scattering is isotropic

(Lambertian Scattering) .

T T T T T
View factor

Bruno Wittmer
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Distance below shed
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1m over ground

10 T T T T

2m over ground

08| View factor

0.0

1.0 T T T T T T
0.9] View factor

! L L ! L !
0 1 2 3 4 5 8
Distance below shed

0.0

! L L ! L ! L
0 1 2 3 4 5 8 7 &
Distance below shed

D
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Calculation of Total Ground scattering on
Backside

Putting it all together

Irradiance
on ground

Combine Ground
acceptance with
View Factor

Ground Scattering
on Backside:

Bruno Wittmer

Bradiation en Ground

Absolute irradiance

120

100 |-

80

60

40

T T T T T T
Beam

N oiffuse

20

0
Jan FebMar Apriday Jun Jul AugSepOct NovDecear

Direct

Beam acceptance and reflection
Limit angle - 155

Tradiation on rear gide fe\Wim2dmonth]

Absolute irradiance

[n
=)

R
€A
T

[}
=)
T

n
T

=
T

Jan FebMar ApriMay Jun Jul AugSepOct NovDecyear

L0L0L L L L L L1 Ll

Normalized to horizontal

Frugtion Ground ¢ Heorizontal

Irradiance on Ground is specific

Beam

for location and geometry.

In this case (Geneva):

- Almost no direct in winter

- Fraction of diffuse on ground
is constant over the year

0.0
Jan FebMar AprMay Jun JulAugSepOctNovDecsar

0.9
0.3

0.5

0.4]
0.3
02|
01

T T T
Beam View Factor, aver-

T T
=36%

+

Fiugtiom Global Bagk ¢ Globing

Distance below shed

1 T T T T
p.of.— Diffuse aceeptance
Ground reflection view factor q¢ View factor
Limit angle = 155 O8F—— Refiected diffuse
N [543
0sf
1=
(33
2 04
03
4
02f
L L 0 (X3
o 1 2 3 ¢ s 591n1112 N T ]
Distan: m und level ] "o 1 2 3 4 ) 7 8

Distance below shed

Normalized to Front

0.18
0.18]
0.14]
0.12]
0.10
0.08|
0.06]
0.04]
0.02]
0.00

+15% in summer

L0LL L L L L Ll

For this location and geometry,
the additional bifacial gain is
obtained mainly in summer

13% per year

N

8% in winter

Jan FebMar Apriday Jun JulAugSepOct NovDedrear
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Basic PV system with sheds:

90 kWp in

6 rows of 3 x 20 modules landscape

Example shed installation

Definition of bifacial shed model

Standard bifacial model involving sheds-fike configuration
You can play with the shed's parameters as you like for parametric analysis.
The smulation will use the parameters determined from the system (checkboxes checked)

Location Geneva, Switzerland: 46.3° N, 6.1° E

25° Tilt, 7.5m Pitch, 3m Width (GCR=0.4)

Mounted 1m over ground
Ground Albedo: 0.3
PV surface: 600 m?

Ground surface: 33m x 45m = 1500 m?

Orientation parameters
Accordng

Limit angle =155

= |
00 j I
Sheds and ground parameter
Fich [750 m [
Shed total widh [308 m ¥
= Profle angl lint 15.5 *

Ground Beam acceptance

Height above giound [1.00 m
Ground albedo [30.0 % [

7.4 kWhim2
1.4 kWhim2
onGround 596 %

i n Ground 60.4 %
Global fraction on Ground  58.9 %

0
Jan Feblar Apritay Jun Jul AugSepOct NovDecrgar

6 8
Distance at ground evel [r]

Graph

Global on Ground, Monthly

svmaton

PVsyst Report with simulation results

PVSYST V6,65

Grid-Connected System: Loss diagram

Bitacial Examples
Bitacial, Tilt 35"

131017

Lo

— zona gcbal racition
P e ciara

-

groyng
i on 1508 T_J

Grofnd refiection loss (albedo)

l‘;r T2%  View Factor for rear si
+1450%  Sky diffuse on the r
rside

efficiency at STC = 15.36%

1817 Ah

+147%  Beamef
5.00%  Shadings los:
1 e
1320 kWh/? * 781 2 coll Effect
rray

160.2 AR
L tevzumn

c
4 Mism: iance
i
1643 Mah Array virtual energy at MPP. \
i
e
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ﬁ+1.43% Ground reflection on front side

Bi-facial

Global incident on ground
630 kKWh/m? on 1695 m?

-50.00%
Ground reflection loss (albedo)

+14.50%Sky diffuse on the rear side

+1.47% Beam effective on the rear side

-67.72% View Factor for rear side

-5.00% Shadings loss on rear side
18.47% Effective irrad. on the rear side (244 kWh/m2)
Effective irradiance on collectors

SV AU INIUULIS @Ay nnsiatetl uaa

=
% -1.98% Mismatch for back irradiance

)
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3D shading scene

Global incident on ground

Ground scattering

Backside view factor

Front side view factor

Diffuse sky irradiance on back side
Beam irradiance on back side
Shadings on backside

Bifaciality factor

Mismatch for back irradiance

DD
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Height over ground

Height over ground

With higher mounting, the opposite behavior of
ground illumination and acceptance gets
attenuated.

Increase saturates around 2m (ground will
appear homogeneously illuminated)

Height over ground
11.5%

10.5%

9.5%

8.5%

7.5%

6.5% saturation

around 2m

Bifacial Gain

5.5%
4.5%
3.5%

2.5%
0 1 2 3 4 5 6

Height over ground [m]

Bruno Wittmer

Diffuse on Ground

View Factor

sheds at ground level

Diffuse Contribution
to rear side

1.0 T T T T T T e T T T T
09— Diffuse acceptance 1 09 View factor
08 0e
0TE 0.7
06F 06
0sE 0s
0.4 04
03F 0.3
02 0z
01 0.1
0.0 L ! L ! L ! L 0.0
0 1 2 3 4 6 7 &
Distance below shed Distance below shed Distance below shed
1 T T T T T T
0.gf.— Diffuse acceptance ] 10 T T T T T T 10 T T T T T T
08 View factor p.gf— Diffuse acceptance 3
View factor
08 08 Reflected diffuse 1
07 0.7) E
06 0.6 4
0.5 0.5 1
04 0af
03 03F
0z 02
o | | | | | | 0.1 01 =
o 1 2 3 4 S5 6 7 8 0.0 - L - L L - L 0.0 L - L - .
5
Distance below shed ¢ ! 2 ® 4 8 T & 0 ! 2 N 4 - € 7 &
Distance below shed Distance below shed
1 T T T 1.0 T T T T T T 1 T T T T
osf— Diffuse acceptance E sk View factor ] 0of— Diffies Ecmpmce 1
Wiew factor
3 1 3 1 0eE. Reflected diffuse 1
0TE E 0TE E 4
06 E 06F E 4
0sF E 0sF 1 E
0sf E 0.4 g ¢
03 E 03F E E
02E E 02 E
01f E 01 E o1k
0 L L ! L L ! 0.0 L ! L ! L ! L 0 . | . | - |
o 1 2z 3 & 5 & T 8 01 2 3 4 s 1 8 b1z 3 & 5 7 8

Distance below shed

Page 13
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Distance below shed
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Impact of Tilt and Pitch

Bifacial impact on best tilt

Best tilt is slightly higher for bifacial.
Maximum in bifacial curve is slightly flatter.
Bifacial definitions:

- 2mabove ground

- 80% bifaciality factor

- GCR:40%

- Ground albedo factor: 0.3

Gain increase as function of pitch

Bifacial definitions:

- 2mabove ground

- 80% bifaciality factor

- Tilt: 25°

- Ground albedo factor: 0.3

Increase of pitch (row spacing) reduces mutual shadings and thus
increasing the yield.

Ground in between rows also gets more irradiance, leading to an
increased yield gain for bifacial systems.

Best pitch becomes much more of an optimization issue.

Bruno Wittmer Page 14

Yield Loss [%)

Gain

1.0%

0.0%

-1.0%

-2.0%

-3.0%

-4.0%

-5.0%

-6.0%

-7.0%

Best Tilt

Vol
p /
/ /
Tilt []
—&— Bifacial Monofacial
Pitch dependence
9%
$3%
5 7 9 11 13 15 Pitch [m]
—@— Bifacial Monofacial
Normalized to
monofacial, pitch 5m
DDBD
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Optimization studies and Analysis

Full optimization has to consider Tilt together with Pitch

Optimization tool to study yield as function of tilt and pitch

-Scan Selecton———————————————— 7] l‘
pith&Tit Scan v Variable: [E_Grid - PithTilt Scan (E_Grid [MWh Variable: |E_Grid S Hew Scan (E Grid [1)

Delete Scan e Scan

mmmmmmmmmmmmmmmmmmmmmm

Bifacial

Monofacial

Bifacial installations prefer
slightly higher tilt than
monofacial

Detailed analysis possibilities

ASCII output for Batch mode
PVsyst provides a vast Built-In Tables and Graphs custom analysis (parametric scans)
number of tools to e E D e
perform default and ST s e
custom analysis

Pitch dependence

T

DDDDDDD
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Ground reflection (Albedo factor)

Bifacial Gain as function of Albedo Factor

Albedo Factor

Bifacial Gain
[
n
2
®

bifacial gain
: almost linear
with ground albedo

0 0.2 0.4 0.6 0.8 1
Albedo Factor

For common Albedo factor ranges (0.2 — 0.5) and the
considered 90 kWp shed installation, the simulation
predicts 7-16% bifacial gain.
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Worn Asphalt
Bare Soill
Green Grass
Desert sand
New concrete

Fresh snow

0.12
0.17
0.25
0.40
0.55
0.8-0.9
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Next Steps for PVsyst Bifacial Framework

Improvement of current bifacial model

Corrections still missing (important for vertical mounting):

- Circumsolar anisotropy for back side diffuse calculations

- 1AM for direct light on back side and ground reflections

- The current simulation is recommended to be used only up to 60° Tilt
Model irradiance non-uniformity on back side

Model for bifacial PV modules on Trackers

Tracking devices are particularly challenging because the orientation and
shading conditions are permanently changing.
First step will be to model a ‘dynamic’ shed scenario (horizontal axis trackers)

Bifacial treatment of any PVsyst 3D scene

Statistical approach with a random distribution of ground points:
Compute irradiance on ground points (Direct and Diffuse).
Calculate view factors for all PV back sides.

Limitations:

- No specular reflections

- Only the ground surface scatters back

0000000
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Summary and Outlook

— Simulation of Bifacial PV systems with shed (row) layout is possible in PVsyst
* V6.60-6.63 had an incorrect GCR factor (significantly underestimated yield)
e V6.64: added sky diffuse irradiance on back side
e V6.65: added direct irradiance on back side

— Several approximations are made to handle the calculation
e 2D shed model for shed layout (no border effects)
e Ground reflection is diffuse and isotropic
e Shadings of the mounting structure on the backside are accounted with a constant de-rate factor
e An additional factor accounts for inhomogeneous illumination

— Main contributions of back side illumination are captured
— The approach will be generalized to allow the bifacial calculation for any 3D shading scene
— Validation with measured data (vertical installation) is in preparation

— Every feedback is very welcome!
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