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*V. Quaschning, R. Hanitsch 1996



Electrical Mismatch
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Irradiance Model

bifacialVF

or

bifacial radiance

r
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Front Irradiance Spatial Distribution on Spring Equinox
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Scenarios

ilt
a) Rooftop 0.15-1m 0.62 0.67 10° 1-landscape

b) Tracking

. 1.0-24m 0.2 0.33 -- 1-portrait
c) Trackingw TT
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Electrical Model

PV Mismatch Cell > Module > String > System
SUNPOWER 2-diode system; Irrad. and

Temperature inputs

Bilinear Interpolation TR

Nonlinear Solver | / [ Lsor — Leeny — Toy, =0 ]
fns N Istr - Icellns - Ibym; =0
_fﬂs+1_ | z;?‘;]_ I/éubj _ .‘./;itl‘ = 0 |

System of n+1 equations and n.+1 unknowns.
Use Nonlinear Newton-Raphson solver

Outcome of calculated

mismatch loss % was found to
be similar.

=
0o

—e— PV Mismatch

Bilinear Interpolation

—e— Nonlinear Solver

Mismatch M [%]
o =
o)) N

o

01 025 04 055 0.7 0.8 1

Clearance [m]

5 Py
M=\1-c50=|X%X100%
h=0 10

PVMismatch, https://github.com/SunPower/PVMismatch NREL | 6
B. Marion, et al “Current--voltage curve translation by bilinear interpolation,” PinPV 2004.
C. Olalla, D. Clement, D. Maksimovic, C. Deline “A Cell-level Photovoltaic Model for High-granularity Simulations”, 15t EC PEC



Evaluating climate dependence
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Slight climate dependence for high-albedo rooftop simulations

G.., ~11% —— Richmond
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*bifacial_radiance irradiance data



HSAT Mismatch losses are slightly higher
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Torgue tube increases mismatch by only
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Torque tube:

10 cm diameter, 5 cm from
the module (CW=2M),
absorptive “black” material
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Fill Factor dependency

Richmond: Fill Factor dependence
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*Fixed tilt cases shown with bifacialVF irradiance data NREL | a1



FF,

Fill Factor dependency M[%]rp1 = M[%]pr, 7
0

Richmond: Fill Factor dependence
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*Fixed tilt cases shown with bifacialVF irradiance data NREL | 12



Bifaciality Factor dependenc 0 — Mo Phifia
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*Fixed tilt cases shown with bifacialVF irradiance data



Reduced-order model

Irradiance
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http://andrewmarsh.com/about

Reduced Order Model — Irradiance distribution

Mismatch depends on the total irradiance distribution. J

Stdev
Two statistical /’ o] = - 1 \/):(Gmm,i—éma;)z < 100%
approaches: Gtotal n-1
\ MAD Mean absolute difference
1
A[%] = 57— Xita Xj=1|Geotari — Geotar,j| X 100%

Gtotal = Gfront + ¢Bifi Grear

NREL | 15



Reduced Order Model — fixed tilt

M[%]Fitl — e 1.57 *IU(U[%])—Z.Z

Janssen et al, «Impact of inhomogeneous
irradiance at the rear of bifacial panels on
modelled energy yield» 334 EUPVSEC

M[%]]anssen = 0.33 o[%] +
0.0745 a[%]?

Mismatch Power loss M [%]
N

Sun behind array
Sun in front of array

0 2 4 6 8 10 12 14
Geotat = Gfront + Bifi Grear Gitota) Stdev o [%]

* Fixed tilt results — 130k datapoints NREL | 16



Reduced Order Model: MADs fixed tilt

*Tighter distribution by
using A instead of o

Mismatch Power loss M [%]
S

M[%] ez = 0.142 A[%] + 0.032 A[%]?

e Sun behind array
Sun in front of array

0 - T T T ' I | — =

0 2 4 6 8 10 12 14

Gtotal MA Gtotar = Gfront + ¢Bifi Grear

A = Mean Absolute Dif ference (Gtotar)

NREL | 17



Orientation of the module

*No effect from landscape
vs portrait orientation

Mismatch Power loss M [%]
S

e Portrait
e Landscape

A = Mean Absolute Dif ference (Gtotar)

0 2 4 6 8 10 12 14
Gtotas MAD A [%] Gtotal = Gfront + ¢Bifi Grear

* With Tracking, ~90k datapoints NREL | 18



Tracking & Fixed Tilt

agreement is much better
at A <4, where bulk of
ied tilt the energy is at.
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> Tracking w Torque Tube
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Gtotat MAD A [%] Gtotal = Gfront + ¢Bifi Grear

Mismatch Power loss M [%]
S

* With Tracking, ~90k datapoints NREL | 19



Reduced-order model , EXPERIMENTAL
e VALIDATION

Irradiance
Distribution

. |Iﬂ'ﬂ'|.

Reduced Order Model
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Experimental Validation Spire 4600 long-pulse flash I-V

curve simulator.

6 addressable

cell sub-
strings




Measured substring
[, for each of the

shadmg tests
Test# M1 strl | M1 str2 | M1 str3 | M2 strl t 2 " PN (]
(%) (%) (%) (%) (%)
(% )

90 - 84 - - - < 27
90 - 84 - . 90 @25
90 7 84 - - 90 23

51 Test5
90 75 84 70 - 90 |

19
64 75 84 70 - 90 1 ) 3 4 5 6

Substring number (not in order)

.. STD & MAD each vary from 1.5% - 18%

NREL | 22



-V curve measurements

Shading Test #3, IV curve 12% oisc
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Measured mismatch loss
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Reduced-order model

G EXPERIMENTAL
=" VALIDATION

Irradiance
Distribution

. |Iﬂ'ﬂ'|.

Reduced Order Model
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Calculate P, with preferred method

Bilinear Interpolation

Calculate

Irradiance Profile
(front + back)

" SUNPOWER
PVMismatch

Nonlinear solver

Bilinear Interpolation

SUNPOWER
PVMismatch

Nonlinear solver

Calculate P, (cell-level mismatch)
with preferred method

\Y

Calculate

year
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Calculate P, with preferred method

nnnnnnnnnnnnnnnnnnnn

SUNPOWER

PVMismatch SYSTEM

ADVISOR
MobEL

Calculate | |
MAD & Calculate Calculate

M[%] with P, \Y/
Fit eq.

Calculate

Irradiance Profile
(front + back)

year
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ow to use this M parameter?

 Mismatch loss factor a.k.a. rear mismatch
loss, affects the Mismatch for back
irradiance in the loss diagram

| 15/01/19 | Page 4/4

nnected System: Loss diagram

PV modules
PY Array
Inverter
User's needs

Main system parameters
PV Figeld Orientation

System type Unlimited Trackers with backtracking

tilt
Model LRG-60 HBD 305 M Bifacial Pnom 305 Wp
Nb. of modules 12 Pnom total 3660 Wp
Model 4.2 kWac inverter Pnom 4200 W ac

Unlimited load (grid)

1610 KWh/m?

2000 kWhim? * 20 m? coll.

Loss diagram ower the whole year

Horizontal global irradiation
+28.3% Global incident in coll. plane

0.0% Global incident below threshold
-2.4% Mear Shadings: imadiance loss
-1.5% IAM factor on global
4 +0.7% Ground reflaction on front side

Bi-facial

1285 kWhim? on 50 m?

Ground reflection loss (albeda)
-65.8% View Factor for rear side

+89.8% Sky diffuse on the rear side

0.0% Beam effective on the rear side
-5.0% Shadings loss on rear side

14.6% Global Irradiance on rear side (292 kWhim2)
Effective irradiation on collectors

afficiency at 5TC = 18.07% PV conversion, Bifaciality factor = 0.75

.14 Mh

Array nominal energy (at STC effic.)
-0.1% PV loss due to iradiance level

-7.7% PV loss due to temperature
+0.5% Module quality koss

-1.1% Migma osE—rreauac-and-s
-1.3%Mdismaich for back imadiance
-1.2% Ohmic wiring loss

Array wvirtual energy at MPP

-3.4% Inverter Loss during operafion (efficiency)

0.0% Imverter Loss ower nominal inv. power
0.0% Imverter Loss due to max. input current
0.0% Imverter Loss over nominal inv. voltage
0.0% Inverter Loss due to power threshald
0.0% Imverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

T 1l




Shading Factor and Rear Electrical Mismatch Factors

Averaged Irradiance

P
6 0
: Po=(GFO+GRO‘(P)‘T]0
2
<, |
= Detailed Irradiance
g —P
5 o 1 P, = (GFO + Gp, - ®) Mo (1 —M) 1%
4 /
2
0 i
Voltage V [V] P1 = (GFO + (1 —_ LRear)GRO . (p) ‘Mo

LRear — Llnherent Mismatch T LStructural Shading

M
11% Lrear = E + M

10% NREL | 29



Calculate P, with preferred method

nnnnnnnnnnnnnnnnnnnn

SUNPOWER
PVMismatch SyYSTEM

ADVISOR
MobEL

Calculate | __
MAD & Calculate Calculate Calculate

WIFARYi P, M, car Lo
Fit eq.

Calculate

Irradiance Profile
(front + back)

NREL | 30



Conclusions

* Optical and cell-mismatch simulations were conducted on NREL's HPC
to approximate bifacial fixed-tilt and tracking configurations in 3
climate zones.

* Annual mismatch loss was M < 1% for most configurations.

* For use in due diligence softwares, the value must be corrected by
~10x to apply only to G

rear.

* Hourly values of M[%] can be much higher and follow an empirical
relationship vs G,,,,, mean absolute difference 4 (spatial variation).

* Experiments with artificially applied mismatch confirm the empirical
relationship, and adjustments for module FF and ¢ are described.

*C. Deline, S. Ayala Pelaez, S. MacAlpine, C. Olalla “Estimating and Parameterizing Mismatch Power Loss
in Bifacial Photovoltaic Systems”, (submitted)

NREL | 31



Slides to be open-published on NREL's database, link posted on:
https://github.com/NREL/bifacial radiance/wiki

Register
Today
(free)

This training will cover the use of bifacial_radiance, an open-source
raytracing software developed and validated by NREL

Learn to model bifacial fields
Oct. 17 | 9 AM MT (GMT -6)

More info:

gt N R E L o https://bit.ly/2IxHQdp
g+ _ il o[ ns:f/bit.ly/21xHC:
= hleEIE,IL{EEdIEII‘IEE silvana.ayala@nrel.gov
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Thank you

www.nrel.gov

Silvana.Ayala@nrel.gov
NREL/PR-5K00-74885

Originally published September 2019. Revised in December 2019.

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’s Office of Energy Efficiency and Renewable Energy (EERE) under Solar Energy Technologies Office

(SETO) Agreement Number 34910, and Award Number DE-EE0008564. The views expressed in the article do not
necessarily represent the views of the DOE or the U.S. Government. Transforming ENERGY
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