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Brief history of photovoltaics
PV global market

PV in Portugal



Course assessment

Lab work reports: 20%
Indoor PV modules characterization
Outdoor PV modules characterization
PV system battery charge controller
PV project: 30%
Groups of 3 people
Deadline end-of-term

Test (date to be defined): 50%



Course assessment

Topics PV project

Use PVSYST to estimate solar potential of a
solar farm

Compare PV yield mono and bifacial string
in the solar farm

Sizing more PV systems at FCUL

Explore collective self-consumption PV
system at Bairro da Tabaqueira

VIPV experiment data analysis



Brief history of photovoltaics

1839: Edmund Becquerel, a French experimental physicist,
discovered the photovoltaic effect.

1873:Willoughby Smith discovered the photoconductivity of
selenium.

1876: Adams and Day observed the photovoltaic effect in solid
selenium.

1 883: Charles Fritts, an American inventor, described the first solar
cells made from selenium wafers.

1904: Einstein published his paper on the photoelectric effect.

1916: Millikan provided experimental proof of the photoelectric
effect.

1951: A grown p-n junction enabled the production of a single-
crystal cell of germanium.

1954: Bell Labs researchers Pearson, Chapin, and Fuller reported
their discovery of 4.5% efficient silicon solar cells.
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Brief history of photovoltaics

- Feb. 5, 1957 D. M. CHAPIN ET AL 2,780,765
SOLAR ENERGY CONVERTING APPARATUS
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Brief history of photovoltaics
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Advertisement photos, such as this one that appeared in the 1956 issue of
Look Magazine, show off the “Bell Solar Battery” to the American public.
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PV fast development

Solar PV Global Capacity and Annual Additions, 2012-2022
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PV installed capacity growing exponentially



PV fast development

GWp FIGURE 8: EVOLUTION OF RENEWABLE ENERGY ANNUAL INSTALLATIONS
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Sources: compilation of IEA PVPS, BNEF, GWEC, IRENA and estimations for 2022

PV is the fastest growing power source worldwide



PV fast development

Annual PV additions: historic data vs [IEA WEO predictions

In GW of added capacity per year - source International Energy Agency - World Energy Outlook
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PV fast development

FIGURE 7: THEORETICAL PV PENETRATION 2022
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PV fast development

ENERGY ’ 13 October 2020 © 8:37

Solar is now cheapest

electricityin history, confirms
IEA
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Solar PV Global Capacity Additions, Shares of Top 10 Countries and Rest
of World, 2022

290, +240 Gigawatts

Rest of World ~ C\ -

-

/

Next 6 countries

8% United States

Germany 3%
| 4% Brazil | Japan 3%

o Poland 2%
2 O i Australia 2%

Netherlands 2%

e
.
.
.

o

o

-



Cost of photovoltaics

Cost and price are very different, often not even correlated!

There are 3 traditional measures of PV cost:
* Cost per Watt-peak installed

* Levelized cost of electricity

* Grid parity



Cost of photovoltaics

Cost per Watt-peak

Units: €/W

and objective to determine, usually refers to
module cost (Spot market? Factory gate! End user?) and
thus it does not represent system cost.

It is not comparable to other (renewable or fossil)
due to the different capacity factor.

Comparing not trivial.



Cost of photovoltaics

Levelized cost of electricity (LCoE)

Units: €/ kWh

The cost that really matters!

But depends on (insolation),
costs (discount rate, subsidies,...) and
assumptions on (25 or 40 years!?) or

O&M costs (10 or 30$/kW/year)



Cost of photovoltaics

Grid parity
Electricity prices will increase

PV costs will decrease
... PV WILL BE COST COMPETITIVE.

Wholesale or end-user electricity price?

Socket parity — defined as the point where a
household can make 5% or more return on investment
in a PV system just by using the energy generated to
replace household energy consumption.
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Cost of photovoltaics

Grid parity
Electricity prices will increase

PV costs will decrease

... PV WILL BE COST COMPETITIVE.

When!
Where!
At what time of the day/year?

27



Cost of photovoltaics

Offshore wind

Onshore wind

Concentrating solar power
‘;L

Solar photovoltaic

Fossil fuel cost fange

««eoD SOipS
) (0 IO T o

|0 times cheaper in the last 10 years!!

28

IRENA (2020), Renewable Power Generation Costs in 2019, International Renewable Energy Agency, Abu Dhabi.
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Drivers for cost reduction

1980-2001 2001-2012 Overall (1980-2012)

A Efficiency |

ANon-Si materials costs |
A Silicon price |

A Silicon usage

A Wafer area |

A Plant size }

A Yield f
Ap,t
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% contribution to module cost change

1980-2001 2001-2012 Overall (1980-2012)

Public and private R&D

Learning-by-doing

Economies of scale

Other }

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
% contribution to module cost change

Energy Policy 123 (2018) 700-710; 707 29
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Drivers: technology
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Drivers: economies of scale

Price of a solar panel per watt
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Drivers: economies of scale
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Impacts of lots of PV

Predicted
Net load - March 31

33



Impacts of lots of PV

Actual

Average Hourly Net Load (March 15 - April 15)
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Impacts of lots of PV

California Independent System Operator net generation, March 11, 2017

a3
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Impacts of lots of PV

Prec¢o horario do mercado diario

25/09/2022
175 7 r 35.000
Precos médios
30.000
Portugal:51°2%
25.000
Espanha: 48.8%
E 20.000
b =
2 5
5 Volume econémico
15.000
10.000 Portugal:$2851°%
Espanha: 71.9%
5.000
0
1 2 3 4 5 6 74 8 9 10 1 12 183 14 15 16 17 18 19 20 21 22 23 24
Hora
@ Precos marginais sistema espanhol @ Pregos marginais sistema portugués = Energia negociada Mercado Diario Energia Mercado Ibérico incluindo lilaterais

Média aritmética dos pregos marginais:
e Sistema eléctrico espanhol: 71,97 EUR/MWh e Sistema eléctrico portugués: 75,45 EUR/MWh

Energia MIBEL:
® 432.837,80 MWh
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Impacts of lots of PV

Solar meets 100 per cent of South Australia
demand for first time

Giles Parkinson 12 October 2020 m

11 Oct, 12:05 PM M Wind 36 MW Total 1,284 MW 11 Oct, 12:05 PM
Default & I'm‘\‘ clr ( tonflriblllioll '“\'\:;,.l:u
Sources 1,609 $15.95
Solar (Rooftop) 992 76.3%
Solar (Utility) 315 242
W wind 36 2.7%

. Battery (Discharging)
Gas (Reciprocating) - -

Gas (OCGT) - - =

1
. \
? \ ,
T o L Gas (CCGT) 176 13.6% .
“ B Gas (Steam) 50 6.9% -

i

B Distillate 0 -0.008% -
. Imports - - =
Loads -325
B Exports -308 -23.7%

110ct, 12205 PM $15.95 Battery (Charging) -16 4 -1.3%

Nel 1,300




Brief history (2): markets

1990’s — Japan
Subsidies to installation

2000’s — Germany (and the rest of EU)
Feedin tariff

2010’s — China

Industrial support

PV Module Production by Region 1997-2019
Percentage of Total MWp Produced
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Brief history (2): markets
1990’s — Japan
2000’s — Germany (and the rest of EU)

2010’s — China

Very large industrial scale
Local supply chain
Adoption of green standards

High quality products (strong innovation)
Largest world market



China is largest market

GWp
1,400

FIGURE 6: EVOLUTION OF REGIONAL PV INSTALLATIONS
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China is largest market

~ TABLE 1: TOP 10 COUNTRIES FOR INSTALLATIONS AND TOTAL INSTALLED CAPACITY IN 2022
B FDR ANNUAL INSTALLED CﬁLPACITY FOR CUMULATIVE CAPACITY

Chma.q.]_q’ssw

_..European Union 2093 GW
USA  1816GW

.. European Union  387GW _ (2)
_____Indra 18,IGW3 _Japan  849GW
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SOUTH KOREA, 10%

China is largest producer

FIGURE 4.2: SHARE OF PV POLYSILICON PRODUCTION
IN 2019
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FIGURE 4.4: SHARE OF PV CELLS PRODUCTION IN 2019
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FIGURE 4.3: SHARE OF PV WAFERS PRODUCTION IN 2019
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FIGURE 4.5: SHARE OF PV MODULES PRODUCTION IN 2019
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PV market today

RE : ANNUAL SHARE OF CENTRALIZED, DISTRIBUTED, OFF-GRID AND FLOATING INSTALLATIONS

120 =
Floating

100 7 m Off-grid

B Grid-connected distributed
80 = Grid-connected centralized ground-mounted

GW 60 - I

40 - I I
20 = ‘I |I I|
G I

2010 20Mm 2012 2013 2014 2015 2016 2017 2018 2019

All sectors growing but
Utility scale PV is the largest segment
Off grid solar is almost negligible 4



GWp
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FIGURE 4: SEGMENTATION OF PV INSTALLATION 2013 - 2022
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PV market today

2019 PV MARKET COSTS RANGES
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PV market today

FIGURE 6.8: UTILITY-SCALE SYSTEM HARDWARE COST BREAKDOWN
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i PV market today

FIGURE 6.5: AVERAGE COST BREAKDOWN FOR A RESIDENTIAL PV SYSTEM < 10kW
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PV in Portugal




High resource

Global horizontal irradiation Europe

solargis

hitp/isolargis.info

Average annual sum (4/2004 - 3/2010 0 250 500 km

<700 900 1100 1300 1500 1700 1900 > kWh/m?2 © 2011 GeoModel Solar s.r.o.
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Lagend

B =750 W/habitant
M 500-750 Wihabitant
I 350-500 W/habitant

B 200-350 W/nabitant ¥
Il 100-200 W/habitant
B 50-100 Wihabitant ¥

I 10-50 W/habitant
1-10 W/habitant

0-1 W/habitant
M/

= 54
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Increasing capacity

1500
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=
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Estatisticas rapidas, DEGEG, Julho 2020 !



Only a fraction of the RES fleet

35
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Only a fraction of the RES fleet
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Legal landscape

Roadmaps
2030: 10 GW 2050: 20 GW

Micro-generation: Renewables-on-demand
(19.6c€/kWh/8 anos + 16.5c€/kWh/7 anos)

[2008;2010; 201 3]

Mini-generation |DL 34/2011]
(<20kWV: 25c€/kWh; <250kW: auction)

Self-demand |DL 153/2014]
Solar auctions (2019 & 2020)

54



Distributad PV: 0.9 QW
Small PV
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Germany Latin America Australia

pv magazine »00c N

News - Features + Events + Awards ~ Partnernews v pvmagazinetest ~ Printarchive ~ About ~ Advertise

Portuguese auction attracts Keep up to date
World record hid Of pv magazine Global offers daily

updates of the latest photovoltaics
€14.8/MWh fOI' SOlaI' news. We also offer comprehensive

) ) . ] global coverage of the most important
The stunning low tariff is a third world record in five weeks.

Solar prices continue to tumble and with a Saudi auction
concluding tomorrow, the Iberian benchmark could be short-
lived. The official result of the Portuguese tender will be information delivered straight to your
nced August 10. inbox.

solar markets worldwide. Select one or
more editions for targeted, up to date

MARIAN WILLUHN

MARKETS UTILITY SCALE PV PORTUGAL

Email *

FINANCC HIGHLIGHTS
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Big PV

EVOLUQAO DA CAPACIDADE

INSTALADA FOTOVOLTAICA
Em megawatts (MW)

MAIORES CENTRAIS SOLARES
LICENCIADAS

PESO AREA A
NO OCUPAR
CONSUMO*|  (HA)

CENTRALE POTENCIA
MUNICIPIO (MW)

THSIS (SANTIAGO DO CACEM)

1242 4,26% 1000

S. MIGUEL DO PINHEIRO (MERTOLA)

558 2% 495

CASAL VALEIRA/VALE PEQUENO (CHAMUSCA)

CENTRALIZADA

DESCENTRALIZADA

TOTAL

2014
2015
2016
2017
2018
2019
2020
2021
2022
2023

347 326

504
610

420
465
134
1510
1540

567
1051
1073

375 1,47% 395
419
MOGADOURO
453
370 1,67% 620
521
BARTOLOMEU DIAS (OURIQUE)
585
673 370 1,53% 440
924 CERCAL (SANTIAGO DO CACEM)
1075 282 118% 323
1701 PAIVA (VILA NOVA DE PAIVA)
2561 268 0,98% 548
2613 OURIQUE |

250 1,09% 299

ARROCHAIS (MOURA)

240 0,84% 270

ESCALABIS (SANTAREM E CARTAXO)

228 0,77% 116

TOTAL A

0,
CONsTRUIR 1183 15.79% 4506

* Peso no consumo elétrico nacional anual (valores de 2022)
FONTE:ESTUDOS DE IMPACTO AMBIENTAL/APA




EXpresso

= ULTIMAS -~ OPINIAO -~ ECONOMIA EXPRESSO CURTO PODCASTS TRIBUNA EUR02020 COVID-19 MULTIMEDIA

Esta prevista no projeto SOCIEDADE
inicial de uma central

ot eime e Conet Torre Bela. Abate de animais

de 553 800 médulos

fotovohaios para construcao de central
fotovoltaica comecou ha meses

,,,,,,,

O plano de painéis solares
em Cercal do Alentejo

d © » OBSERVADOR AP
q gu g ta Zero considera que apenas um em nove projetos

ENERGIA Ainstalacao de uma central solar esta a gerar polémica em de centrais solares € exemplo a seguir

Cercal dO Alente-JO com nloradores d ConteStar_a niciativa. A Can]ara. €d Dos nove projetos, apenas um tem a intengéo de instalar a central numa "drea concessionada para

junta de freglleSla acompanham ds preocupacoes e esperamque haja exploragdo de recursos geoldgicos" e alguns exigem dreas continuas que "ultrapassam os mil hectares".

uma alteracao profunda do projeto.
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Flagship projects

Selvagem Grande, Madeira (1983, 660W)

Solar XXI, Lisbon (1989; 2.2kW)+ (2005; 12+6kWV)
Brinches, Serpa (2007; | IMW)

Amareleja, Moura (2008; 46MW)

Ourika (2018; 46 MW — sem tarifas)
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Governo inaugura primeira central solar da Europa
sem tarifas garantidas

A central ja esta a funcionar no concelho de Ourique. As restantes, parte da Central
Solar Fotovoltaica Ourika!, devem funcionar em pleno até 2021.
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INTRODUCTION

Remarks - PV in Portugal
Almost no manufacturing
Huge solar potential
Large scale utility scale PV ‘exploding’
Main limitation: access to grid
Distributed PV lagging

Public acceptance decreasing
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