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A tecnologia fotovoltaica evolui

constantemente

Moddulos de Silicio Cristalino, ~90% do Mercado

Mainstream Module
Evolution

\’ ‘ ,-T ‘«—— Aluminum Frame —— % _ i
e FrontGlass 4,-/]“_ :

«——— Front Encapsulant ——

>

Junction

Boxes
Al-BSF cells PERC, PERX, or HJT half cells
(monofacial) (bifacial)
Modulo Pre-2015, vida util de 20-25 anhos Moddulo 2023, vida util 35 anhos

Ovaitt & Mirletz et al, 2022. “PV in the Circular Economy, A Dynamic Framework Analyzing
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Tecnologia de células PERC —

transicao chave para bifacial

Monofacial PERC Bifacial PERC+

Ag finger
SiNy
Emitter
AlOy

BSF

SINy
Aluminum

\ Metalizacao por serigrafia reduzida

bifacialidade ¢ = PReer — 0.65-0.80 0.75-0.90 0.85-0.95
Frront (p-PERC) (n-PERT) (Si Heterojunction)

Thorsten Dullweber et al. PERC+: industrial PERC solar cells with rear Al grid enabling
bifaciality and reduced Al paste consumption, Prog. Photovolt: Res. Appl. (2015) NREL | 3




A evolucao nao termina

e P
bifacialidade ¢p = —£¢a-
Front

i Cell Technologies

HIT
23-25% cell efficiency
¢ ~0.85-0.95

TOPCon

¢ ~0.8

21-23% by SP, 21-26% by PVD

mono

p-PERC

Global market share
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% n-type HJT % n-type TOPCon W% p-type mono PERC 7.

Jarett Zuboy. DuraMAT Tech Scouting 2022

. Frontside fingers (busbars optional)

compromised of low-temperature screen-
printed Ag pastes or electroplated
Ni/Cu/Sn/Ag

TCO by PVD (typically ITO for high optical
transmission and low sheet resistance)

p™ doping and full-area emitter formation by

PECVD of a-Si:H

Intrinsically doped a-Si:H by PECVD

High lifetime n-type base wafer
Intrinsically doped a-Si:H by PECVD

n" doping and full-area BSF formation by
PECVD of a-Si:H

TCO by PVD (typically ITO for high optical
transmission and low sheet resistance)
Backside fingers (busbars optional)

@

QOIS

(4)

v ww
®

. Ag and Al front metallization by

screen-printing or PVD

2. SiNy ARC and passivation layer by PECVD
3. PECVD or ALD of AlOy surface passivation

layer

. p* doping and full-area emitter formation

by ion implantation or BBr; diffusion

. High lifetime n-type base wafer
6. Tunnel oxide passivated contact (TOPCon)

layer formed by PECVD or LPCVD of doped
a-Si or poly-Si layers

. Ag rear metallization (sometimes full-area)

by screen-printing or PVD

NREL
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Gran

kWh energy relative to
Monofacial Fixed [%]

*SAM simulation, range of scenarios

Por que bifacial?

des melhorias na producao de energia

40%
35

30
+15%-25%

25 T

20 climate

!

15

10 +4%-8%
5 E albedo E I
0% I -

Monofacial, Fixed Bifacial, Fixed Monofacial, Tracking Bifacial, Tracking
Annual Energy Comparison — Multiple Deployment Options

NREL | 5



n Pesquisa de PV bifacial no NREL

B Como posicionar sensores de irradiancia

n Otimizacao do Albedo

| Agripv

H Ferramentas de modelagem bifacial & AgriPV
Oportunidades no NREL

NREL | 6



75 kW blfaC|aI HSAT
5 tecnologias bifacialesi

JII{
R XY 1 [V
E -



3 anos de datos Open-Source

NREL | 8



Comparando PV bifacial com monofacial

O ganho para um Sistema bifacial € determinado
comparando o rendimiento energéetico [kWh] ou o
Performance Ratio [KWh/KW] de ambos sistemas

Voio .
BG = ( bifacial 1) % 100%

Ymono facial

PRy
PRinono

BGMedido — ( — 1) X 100%




Comparando PV bifacial com monofacial

* Diferenca de poténcia nominal

PRy

BGyodide = <PR _ 1) % 100% Coeficiente de temperatura
mono

* resposta a baixa luminosidade

* QOrientacao de montage

Bifacialidade

PRy;¢si PR
bifi mono,model _ 1) % 100%
PRmono\PRbifi,mocEel

Y

BGMedido,bifacialidade — (

Fator de Correcao
10

Ovaitt et al, Model and Validation of Single-Axis Tracking with Bifacial PV, JPV 2019. 10.1109/JPHOTOV.2019.2892872



https://doi.org/10.1109/JPHOTOV.2019.2892872

Comparando PV bifacial com monofacial

100 kW Silfab HIT, 100 kW Trina mcSi,
: ) : 10
2-up horizontal / 1-up vertical . - Ganho
e AT O X L esperado do
: _ lado frontal
7 - (coeficiente de
6 temperature, resposta a
baixa luminosidade, etc...)
5
4
L Ganho
3 Bifacial
2
_ 1
H=0.75, GCR =0.35, Albedo = 0.2 (short grass ) 0 -
PRbifi PRmono model
BGMedido,bifacialidade = (PR PR — 1| x100%
mono bifi,model

Ovaitt et al, Model and Validation of Single-Axis Tracking with Bifacial PV, JPV 2019. 10.1109/JPHOTOV.2019.2892872



https://doi.org/10.1109/JPHOTOV.2019.2892872

Ganho bifacial Energiabijacial o,

Energia monofacial

*Ganho de 3-anos, agrupado por més

Ganho bifacial PERC: 6.1%; SHJ: 7.6%

10

PERC

'I ’ Si Heterojunction | |
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PLR (%/year)

M RdTools Degradagao
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Done: IV Curves, Field IR, EL, PL, Low temp PL, Module QE Measurements, Hanheld Raman, Hanheld AR Coating
Destructive next: Hydrogen traces through d-SIMS, or Glow Discharge Optical Emissions Spectroscophy

NREL | 13



EQE [%]

:glf:,

cold lines are support bars
29721 46120 (Avg. counts) 31793 underneath the module
& t

6k e
PPERC, G/G, Full cell, Top JB, EVA Mw " mo T w1 g
MR (e O Sl
‘ | IR [ | \ s |
IV Curves Results % Change i %’;.i'm's; T e
| i i 1 N
ISC Loss Front -0.35% a4 T T
: CTTE . i
ISC Loss Back 7 15% T ey
Voc Loss Front -1.39% ' |l
Voc Loss Back -1.41% PL(21 A, 0.25 sun, 25 EL (:A, 10s) EL (10 A, 0.55) DUIT (10 A, D.2Hz, 300s)
FF Loss Front -0.45% 16942 (0.57) 25503 (0.55) el 7473 { 5)
15 Hmﬂ h‘
FF Loss Back ) aiam | e v
0.88% For weathered module | g E,:M il @E‘E m*ﬂ
Pmp Loss Front -2.17% compared to control, T ™ T
Pmp Loss Back -0.13% overall luminescence T |||I|:!|||i;_i G T
150 intensity is down to about .“! i A ¥ "ﬁﬁaw M
’ ML 10 ';,}, & i
100 Viodules FAE 35% of the control, I W (8 e H“" IIIWFM
2 suggesting a loss in .||l|sllt- M R
voltage El
60
40 = Control... :
-==- Fie|d Front PL(21A, 025 sun,'zs, EL (1A, 10s) EL (10 A, 0.55) ' . DLIT (10 A, 0.2Hz, 300s)
20 . There are dark edge patterns (either top or bottom of cells) in high-
O e hcoccome o current EL and PL, and hotter DLIT, suggesting these are areas with
ma oSS V%a§e|§n§hﬁ,rf‘?) 583 increased carrier recombination, perhaps loss of passivation. NREL



M FG C Monofacial

Handheld Raman Measurement

PPERC, G/G, Half-cell, Center JB, EVA

“ Field Front
|
IV Curves Results [% Change
ISC Loss Front -0.30%
ISC Loss Back -1.86%
Voc Loss Mono -2.93%
Voc Loss Front -1.92% faman shift )
Bifacial
Voc Loss Back -2.70%
Handheld Raman Measurement
FF Loss Mono -2.81%
FF Loss Front -0.34% |
FF Loss Back -1.00% Field Front
I . Control Front i
Pmp loss Mono -2.27% Control Rear |
Pmp Loss Front -2.54%
Pmp Loss Back -5.45%
Lo 1040 1= 2oun Rdmarl"::..lil.jll _— 000 =0 Ao AL s00uU

NREL | 15



Monofacial Control Bifacial Control

(Avg. counts)

30457 control 45409

el |

uunii il
H ‘Fl‘ 11

EL(1A, 105) EL (10 A, 0.55)

PL (21 A, 0.25 sun, 2s)

PL(21 A, 0.2 sn, 2s) EL(1A, 10s) EL (10 .55} ' DLIT (10 A, 0.2Hz, 300s) B |fa C | a I We at h e re d

18510 (0.56) 27841 (0.61)

DLIT (10 A, 0.2Hz, 300s)

{Avg. counts and (ratio of
weathered/contral))

16461 (0.51)

L e

ol I
HE mif-' %
For weathered module compared to control, overall b

luminescence intensity is down to about ~% of the control,
suggesting a loss in voltage. There are a few patterns in high-
current EL showing dark areas of higher resistance. DLIT dark -

areas here too, suggesting lower current density or broken - i Eﬁzﬂlz-.
grid fingers — possibly leading to reduced fill factor. N Tt L

PL (21 A, 0.25 sun, 2s) EL(1A,105s)

DLIT (10 A, 0.2Hz, 300s)



MFG E

HJT, G/G, Half cell, JB center, “PE/EBA”

IV Curves Results VASIENE

Perdida ISC Front -6.43%
Perdida ISC Back -3.22%
Voc Loss Front -1.19%
Voc Loss Back -0.89%
FF Loss Front -0.02%
FF Loss Back -0.93%
Pmp Loss Front -7.53%
Pmp Loss Back -4.96%

Handheld Raman Measurement
ContrcII Rear

For weathered module

compared to control,
overall luminescence

intensity is down to about

~%, of the control,
suggesting a loss in

voltage. No other obvious
patterns or observations

when comparing

weathered to control.
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D "hoto EDF

1~ 0
A irradiacao no rear-side € muito nao uniforme =

d_ =



Tamanho do sistema para estado

estavel da irradiacao

250%
225%
200%
175%

- 150%
) 125%
100%
75%

G,..:-50—-150%!

rear®

G,.,, d0 modulo central vs
maior tamanho de sistema

0 5 10 15
# de modulos por fila

C. Deline et al., Assessment of Bifacial Photovoltaic Module Power Rating Methodologies — Inside and Out, J. Photovoltaics 7, 2017 NREL | 19
Ovaitt et al, Model and Validation of Single-Axis Tracking with Bifacial PV, JPV 2019. 10.1109/JPHOTOV.2019.2892872



https://doi.org/10.1109/JPHOTOV.2019.2892872

Dados de desempeho ao nivel do modulo e da fila




Edge effects incrementam o ganho bifacial em 0.28%

20
18
16

Ganho bifacial [%]
S =
O N D O ON B

Rowl N
Row2 I
Row3 I
Row4 I

Janeiro

Modulos internos: 4-17

Por fila, por mes

| B Mddulos internos i Fila inteira
-
2 2
o ©O
o

o

Row3 I
Row4 I
Rowl I
Row2 I
Row3 I
Row4 N
Rowl I
Row2 I
Row3 I
Row4d IR
Rowl I
Row2 N
Row3 IR
Row4 I
Ganho bifacial [%]
O N W b U1 OO N @©

Fevereiro Margo Abril Maio

Efeito cumulativo

____— Edge Effects

NREL | 21
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A irradiacao no rear-side € muito nao uniforme



Como medir a distribuicao de irradiancia no modulo

Sensores de irradiancia de banda larga Celulas de referéncia

NREL | 23




Como medir a distribuicao de irradiancia no moédulo

Modulo de referéncia




Como medir a distribuicao de irradiancia no modulo

Este mdédulo customizado e utilizado para medir o
fator de sombreamento (shading factor), e como
moédulo de referencia para testes de capacidade gz | 2



Posicionamiento dos sensores

Dias clear-sky, Outubro 2019-2021

Usar uma combinacao de sensores ao longo do
N N N = maodulo pode ajudar a reduzir o desvio das
100 4 J ‘ 100 _3'-\\ 100 4 "r"*\ 007 I . med iC6e5
N i N N SENSOR A
201 20 201 0 1 2 3 4 5 6 7 8 9 10 1
0 0 T [V 0 2-
’ ° . ’ Center East ’ 3 0.08 0.07 Desvio padréo da
* Dec. 25 === July 1st = Septemnber lst] m 4 0.07 0.07 0.06 . ,
S 5006 006 006 007 media do médulo
o 7 e o ~ 6 0.05 0.05 0.05 0.06 1
% Diferenca com a média das medigoes % ) _F_UStom'Zado
das células de referéncia s 0.06 (0.7 S
9 0.04 0.05 0.06 0.06
Ref. Cell 7 -12 -8 13 Ref Cell . B 00 o0t
1 ! b ) 0.02 0.04 0.05 0.06 0.06 0.07
(WEST) (EAST) 008 007 005 004 003 004 005 006 008 009 010
K&Z 13 30% Licor
CM11

Gostein, Ovaitt et al PVSC 2021 https://ieeexplore.ieee.org/document/9518601 NREL | 26
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A irradiacao no rear-side € muito nao uniforme



o 2 A
it He SRS - e =
S SPLE = s
Tx T ke “
= o EES o Sk
5 et e : -
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Posicionamento dos sensores para medir a irradiancia no Rear-side



e N

Otimizacdo do albec

A

=



http://doi.org/10.1002/pip.3811

Otimizacao do albedo

1__&'_, U1 .i ’ \

W EaN

=0

+5% de ganho no desempenho bifacial

NREL | 30



http://doi.org/10.1002/pip.3811

Otimizacao do albedo



http://doi.org/10.1002/pip.3811

Passo 1: Ganho com os refletores na irradiancia

330 -

O deslocamento ideal 310~ Exemplo para um sistema fixo - 140
290 -
varia com o largo do refletor 79 o
| -
E 231 100 :
(40)
210 O
(@]
— 1ag (a'sd
8, 170 80 g
'. E 1540 C
I -l O
! largo, | 130 o O
! Offset, d [€ - > 110 N
le e — 90
Deslocamento, d . “
>0 20
30
10
Rear Irr. N ©2RRFABRBRgISRgRcco0ea8aga00922922
(com reflector) e St N R I
Grear — Gre deslocamento [cm]

% Ganho Rear Irr.=
Gref Rear Irr.

(sem reflector)

NREL | 32



Passo 2: LCOE

(CAPEX Total ($) * CRF) + 0&M Anual ($)
CF(%) * 8760 hrS/yr * Tamanho do Sistema (W)

Analise do Ponto de Equilibrio LCOE (Com/reﬂector) = LCOE (referéncia)

LCOE (%) =

LCOE (%) * CF(%) * 8760 hI‘S/yr * Tamanho do Sistema (W) — O&M Anual ($)
CAPEX do Material = — PV CAPEX
CRF
6 Length
6 -(C) ] (cm)
= o Breakeven Costs |, B} ss0 * O posicionamento ideal do refletor é centralizado diretamente sob o
ES[ & BaselinelCOE 4 1° 500 tubo de torque
= b _ i
S w4t . % L 450 * Em Golden, CO, o ponto de equilibrio para refletores artificiais € de
é § ® 14 E - 400 S250_460 /mz.
0 5 3T R ' ¢ o | 350 e Custos de material mais altos sao possiveis em sistemas com LCOE
@ T 2 5 v 3¢ L 300 inicial mais alto, por exemplo $3.40-6.00/m? para Seattle, WA.
< ; ¢ 250 e “Clipping Losses,” o corte do inversor impacta significativamente os
! 12 200 sistemas que incorporam refletores artificiais, reduzindo o ganho de
' : ' 150 energia anual e deslocando o posicionamento ideal dos refletores.
Tucson  Golden  Seattle

AZ co WA http://doi.org/10.1002 /pip.3811 NREL | 33
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Durabilidade do Albedo

Membrana spray-on, foto original de
https://www.nrel.gov/docs/fy210sti/80863.pdf

e 2 anos depois

Group 3
Albedo
0.56

1 Group 2 0.56
= LIk ] Albedo 058
‘i’ 05 0.62 0.60
B
g‘; 07 062
£ 06 -
-] 0643
gos Group 1 -
B o4 Albedo 0% s
g 0.
=1 068
g 03
2 02 .70
E
=
Y oa 0.

0 0.74

AT, A A A
i ey Ll L L L R L L L -, . L It L Ot o St L TP I IR
\-:P S H(.p {,{p & ﬁ,'._.p & & o 3 \\1@ @_ﬁp & &SSP a’\@
& & & f o o A o oM \m" g K, "
Diat

Membrana de silicone
de alta refletividade
para telhados
A sujidade reduziu o
albedo de 0.7 pra 0.56

em 4 meses
(S. Ayala Pelaez, JPV 2019)

NREL | 34
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Brgri Oy Py INSPIRE Project Sites

Projeto InSPIRE e

. . shin - Anci Minnesota: Eco m
Innovative Solar Practices Integrated [ m—" o\ et km?ct:'smﬁ? M
_ _ Services (3 Sites) u"" i Hrn
with Rural Economies and Ecosystems ?’ ¢ i ) @
wf Cﬂl{;)lr;do: Emp,;’utf.lr!. Y ﬁ ‘:L Pennsylvania.:
24+ projetos de nder e Pt | y S
: Ecos::‘if:.'“;:: s —uf C::!Drﬂdl:: Ecosystem ] —$L T o e E::mmg;s
pesquisa de campo i e Polintorunde Biacil Panel
ativos I“""’""::. GeorgiaEcossem _
_ s
Mapa interativo rastreia A
6+ GW de projetos Lot
agriPV nos EUA
Under Construction Crop Production Puerto Rico: Disaster
A A cosystem Services ulti ctivities Hardeqedf_'rop w
World Agrivoltaic PR g R
Conference: Denver, G rensia SPINEGATE ww
Colorado. Jun 19-14 ' BEES RENEWABLES ——— e
! Fresh =y

wiki/InSPIRE S

T
INREL wa (G

Co
%O NREL | 36



https://openei.org/wiki/InSPIRE

AgriPV no campo bifacial de NREL

' Bifacial Agrlvoltalc Research at NREL (”BARN”) Field

.

“€ﬁrrent‘-é'mgn“dcuvm

Reflecting
material

Control

i~

Test de Albedo

NREL
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Verao 2023: Resultados

Melhor Desempenho com Base no Peso da Produg¢ao

Controle Canteiro Leste Central Canteiro Oeste
Acelga X
Couve X
alfavaca X _
Cenoura X 9 : 77 T
Tomate 1 '
Tomate 2 —/
Pimentdo 1 X R Ty
Pimentdo 2 X el
A maioria das plantas teve desempenho Tomato 1 AVG Weight per Fruit |
pelo menos igual entre os painéis solares 350 o P
em comparacdo com o controle. As 300 - 7/
cenouras foram as Unicas culturas que £ 20 - 7/
apresentaram desempenho distintamente %?:g /
melhor no controle. 2 00 ‘
O tomate 1 foi colhido mais cedo no o 0 Energiawyesauios sobre as ;
controle do que os tomates sob os painéis. 0 " iy Ganho = I :
A alfavaca também floresceu mais cedo no Control  East Center West - St > nergidnsdulos de Co:

= 0%
K FITEeE ] 1 L\

controle BED



Foto de C. Deline
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Ferramentas
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Ferramenta: Raytracing

https://github.com/NREL/bifacial_radiance

* Peer-reviewed, open source!

e Usa rastreamento de raios para avaliar a irradiancia

hifa[:ia‘ I"EdiEII'IEE (W/m?) em qualquer lugar, com muita customizacao!
a4 * Clima -2 Irradiancia = Energia do Mdédulo com PVlib NREL | 40



Ferramentas: System Advisor Model (SAM

@ Albedo - Sky Diffuse Model - Irradiance Data (Advanced)

rSky Diffuse Model Weather File Irradiance Data
() Isotropic (@) DNI and DHI
() HDKR () DNI and GHI
® Perez () GHI and DHI
() POA from reference cell
() POA from pyranometer

() Use monthly uniferm albedo values

(®) Use monthly spatial albedo values

[ Use uniferm albedo from weather file if available

Albedos

1=
o

T
=]
[

bl al
=1
sSle|==2 2 e || S]] 6
P || P | (EBER| | G2 || P || P2

=
2%}

=RIE=]
P || P2

Monthly uniform albede Edit values...

If "Use uniform albedo from weather file if available” is checked and albedo data
in the weather file is valid, SAM uses albedo data from the weather file instead of
monthly uniform or spatial values you provide, See Help for details.

ENENENEN
[ >
[ >
|
ENENENEN
ENENENEN
[ >
|
[ > .
ENENENEN
ENENENEN
| s .

lirme Tl es

2000

4000

&000

8000

Ground Irradiance Between Rows, Subarray 1 (W/m2) 1064.95
[meters from morning side] SEB.452

2 3 4 g & 7 g g 10 e mm
851.957

745 4583

Due diligence software para PV

Accesso programatico com pySAM

NREL

Tirve Dl e
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o7 National Renewable Energy Laboratory

Energia Transporte Sustentavel Edificios e Integracao de
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