hotovoltaics
ntroduction




INTRODUCTION

This course - contents
Solar resource
Physics of solar cells
PV technologies
Grid connected PV systems
Stand alone systems
Building integrated systems

Concentration photovoltaics
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This course - grading

Test: 50% (15 Dez 2017)
Lab work: | 5%

Home work: System design (15%)
Presentation: Advanced topics (20%)

and/or

Final exam: everything (100%)
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This course — main references

T. Markvart, Solar electricity, 2nd edition, John Wiley
& Sons, 2000

M. Green, Solar cells — operating principles, technology
and system applications, USWV |986

R. Messeger, Photovoltaics system engineering, 2nd ed.,
2003

A. Luque et al, Handbook of PV Science and
Engineering, 2003

S . BOWd en et al ’ PV C D RO M [pvcdrom.pveducation.org]
Ph oton | ntern atl on al m agaZi ne [www.photon-magazine.com]
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TODAY

(Summary of this course)
Brief history of photovoltaics
PV global market

PV in Portugal
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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
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Brief history of photovoltaics

o

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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Brief history of photovoltaics
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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

Morgan Bazilian et al, Re-considering the Economics of Photovoltaic Power , et, New Energy Finance working paper 2012
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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.
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Cost per Watt-peak

Silicon: 1.43 $/Wp

Inverter,
$0.22

| S CdTe: 1.56 $/Wp
Eng & i‘)M, $0.06 :  $023 |nverter, (+9. I %!)

$0.22
$0.09

| Labor, $0.22 Mounting
Structure,

- $0.29
Civil Work, $0.09

' Labor, $0.24 Mounting Structure

Foundations,

Examples of other costs
$0.10 - $0.10

(= Balance of system, BOS)
for different technologies
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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)
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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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Grid parity
Electricity prices will increase

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

When!?
Where!
At what time of the day/year?
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Grid parity
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Global access to electricity in percent of local population
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Population without access to electricity and local irradiation
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PV Market Size: Segmentation By Application (GW)

1 15

12

Source: Solarbuzz

2006 2007 2003 2009 2010
Off-grid 0.19 0.20 0.23 0.23 0.37
EOn-gnd 1.55 2.63 3.85 £.31 11.865

Although the best spots for PV applications are in the developing world, most

systems are installed in the developed world. Why? Because it is expensive!
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Cumulative production GigaWp

01 1 10 100 1,000

. !
$5.00 Technological improvement §
' * 1978 |

" Single crystal, evaporated contacts | 7% Global

Installed » Screen printed metal : E'ggf'i?a{fmn
Cost of « Wire saws !
Electricity « Textured mono !
$/kWh e Aluminum BSF I
* Cast multi :
. i |
$0.50 Point conta::_t m_on:::- |
* Passivating SN :
* Iso-texture multi :
|
$0.20 Today =2010 |
Retail Natural Gas Electricity S |
Grid Parit . '
4 «2015 |
Wholesale Coal Electricity S |
= |

$0.05 “7‘2020
Source: Professor Emanuel Sachs, Massachusetts Insititute of Technolagy.

* Assumes annual production growth of 35% and an 18% learning curve. PV costs based on 18% capacity factor and 7% discount rate.



INTRODUCTION

.- - H=M
L} |
Best Research-Cell Efficiencies
50
Shi
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies ('MM-aggz’F) X
LM = [attice matched © CIGS (concentrator) Bosing- 4%0‘1%; )
48 MM = metamorphic ® CIGS 5 E-CUD?HU Solar (4-J, 297)
IMM = inverted, metamorphic O CdTe w’ﬁ"\ 364@ Spire dunction o Eggﬁg 3 o]
uncti ! i (M, (LM, 942%) o 46.0%
v Three-junction (concentrator) O Amorphous SiH (stabilized) Spectrolab | Fraunhofer ISE ™. Semiconductor .8z ] NREL D
44 1= 'Y Threequnction (non-concentrator) Emerging PV (MM, 299x) | (MM, 454x) (MM, 406x) 44.4% k4
A Two-junction (concentrator) " " ; E
A b O Dye-sensitized cells Boeing-Spectrolab ~ Boeing-Spectrolab - R"J:
Two-junction (non-concentrator) © Perovskite cells (not stabilized) (MM, 179%) (MM, 240x) (4, 310y (443270
B Four-junction or more (concentrator) ® Organic cells (various types) . 7 Solar ! Boeing-
40 = O Fourunction or more (non-concentrator) A Organic tandem cells NREL (IMM) [IMIl\Il%EZ%' Junciion Spectrolab (5-J)
N . Wi X
Single-Junction GaAs # norganic cells (CZTSSe) NREL Boeing- ™ (M #18x) . 7w Sham (IMM) Ay
A Singe crystal < Quantum dot cells Boeing- Spectrolab Sharp (IMM), .«
& Concentrator socctroat kY Boeing- N Shar )
WV Thin-film crystal NeEL TG Spectrolab N?EQH Y . . aﬁRIfE::-) A
" " a Spcctrolab
2ctrolab .
3 Crystalline Si Cells Japan PO o el aggenett =t
— O Single crystal (concentrator) Varian wreL NREL  Energy IES-UPM (1026x) FRGISE(117¥)  4NREL 31.1% 78
‘69_ B Single crystal (non-concentrator) (216x) ____-_..--____-.-_--_____-_..-____--A_na_D Al Devicas
L O Mulicrystalline Varian - Radboud U. A 29.1%
® Siicon h HIT vanan \ \arian -— Amonix FhG-ISE A . LG Electronics qgE:1 A
> 28 SI[ODH eterostructures (HIT) (205x) Yot SunPower (96x) - (92 (232x) Panasonic A v
[5) 'V Thin-film crystal NREL e Qe mm - ———— (92x) ppngete 1 a
c Stanford B = = o =y==2p0= === " e ———————————— == A== = "Fasonic ‘SunPower A
Ko M40 yaran eV = R V< Radboud U FhG-ISE_Ata Devices (:géimfl . %
—_——— UNSW UNSW Panasonic, (14.7 XA m
ey m—mmmetT Spire y UNSW™= FRG-ISE sanjo ST % TR e ®, el o]
e oW . v BE g :
E - UNRY  stanford UNSW UNSW UNSW/  NREL Sanyo e == o) ~ NRELZW, Flrst [ 21.5% 8
Georgia  Eurosolare  (14x) Pl L i ZSW, Trina Solar 2% hvd
ARCQ Georga g0 Teoh *——¢ NREL  ISFH e Sn?IF'ell)(r‘.cT 20.1%08]
Westing- W Tech c! RE NREL NREL - = "WSolexel, =
- uhu.lseJ UNSW NREL NREL NREL  NREL U_ Stutigar -raunh'\ferISE 7V GEDE\ltr:tEa:Irhe
andia Vv First Solar s Research
- U. So. e - o ol -
16 No. Carolina Florida " Matsushita NRELSZ™ | siuttgart Mitsubishi %ES‘;L%?‘ Sk KRICT
Mobil State U. So‘amxSolarEX ) i NREL o Unite d Solar CNem. | 5 Elactronics EREL AIST
Solar Boeing NREL Eure-CIS United Solar United Solar (aSi/ncSineSi) - o # 1BM Hong Kong UST
12+ Boeing, . Kodak Kodak ARCO Boeing Shar e Rt
AMETEK - Fhoton Energy © ftomo Chem
Matsushita
m ! ARCO ited Sol U "Hgmgm
8- U.of Maine " 050 2, United Solar Solarmer < nT
Boeing NREL/Konarka Konarka
U.of Maine Groningen U. Linz
4 EPFL ¢ o "H ek U. Toronto
- ] N extronics Af Heliate (PbS-QD) G
- ReA U. Linz Tl Slemens U. Dresden NREL
RCA " RCA ‘ (Zn0/PbS-QD)
0L AR I T T T T [T Y Y N A MO A N NN (N T TN T NN [N Y N Y N SO TN SN Y AN MO

1975 1980 1985 1990 1995 2000 2005 2010 2015



INTRODUCTION

PV Price and Performance Trends
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Fig. 1 From 2008 to 2011, reductions in the average global prices of c-Si PV
modules have been in line with experience, but the rise of module manufacturing
in China and Taiwan has been striking.®
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e

Cumulative installed PV capacity in EU 27 and in the world

EU 27
B Global

Mw

1998 - 2003
+24%

[ S

189 286
1998 1999 2000 2001 2002 2003

Sources: EPIA « Global Market Outlook for Photovoltaics until 2013 », 2009 - A.T. Kearney analysis.

Public subsidies for the growth of the PV global market

2003 - 2008
+39% 4

German
9,162 9,405

m
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© EPIA 2009 - www.setfor2020.eu
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PV market - Japanese market in 1990s

Incentives: from 9$/W (1994) to 2$/W (2003)
(1 G€ from government + 2G€ from companies)
High grid electricity prices (19c$/kWh)

Low interest rates, low inflation, modularity of
construction industry, large semiconductor industry...

Lead to:
Rapid decrease in PV prices
(70% decrease from 1994 to 2003)

22-fold increase production capacity
32-fold increase installed capacity

M.G. Rogol, Why did the solar power sector develop quickly in Japan?, MSc Thesis, MIT 2007
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PV market — German market in 2000s

Figure 4: Influence of Feed-in Tariff on annual PV installations in Germany (MWp)
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EPIA Brochure: Supporting Solar Photovoltaic Electricity - An Argument for Feed-in Tariffs, January 2008
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PV market — German market in 2000s

Cell production in Germany
MW

3,000
I Production ¢-Si
| | B Capacity ¢-Si 20x |
2,500 I Production thin-film
Capacity thin-film

2,000

1,500

1,000

500

Souce: Photon International
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German model replicated across Europe, making it the largest world market

(CEPIA

European Photovoltaic Industry Association

GLOBAL PV OUTLOOK 2013-2017

Figure 4 - Evolution of European new grid-connected PV capacities 2000-2012 (MW)
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PV market — German market in 2000s

PV electricity production today not relevant for
German electricity: <0.5% (2007)

CO, abatement cost: 760€/ton

Massive invoice to be paid over 20 years: 63T€
German PV industry deficit: ~50% import
205k€/year/new job created

Recommendations:
Stop feed-in tariff support for PV

Increase investment into R&D
A. Macintosh, D.Wilkinson, Searching for public benefits in solar subsidies, Energy Policy 39 (2011) 3199-3209
M. Frondel, et al, Germany’s solar cell promotion: Dark clouds on the horizon, Energy Policy 36 (2008) 41984204
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Case study: what can | do wrong?
Generous feed-in tariff
But no maximum cap
Overwhelming demand
Abrupt end
Fraud
Huge cost to Spanish government

Unbalanced demand/suppy for PV industry
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Increasing demand
Competition with ‘electronic silicon’

‘Closed’ industry (high installation cost, low ramp up)
with few players

Market showed slow reaction time
Prices skyrockted (spot market: 500$/kg)
New , large
New polisilicon window opportunity
Huge capacity
prices

Companies bankrupting.
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Chronology of Polysilicon Market Dynamics, 2006-2009
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‘First Solar’ emergence
Silicon-less technology
Opportunity window for financial capitals
Long R&D development

Lower efficiency but lower cost for high throughput
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Figure 1. Learning curves for First Solar module yield, through-

put (MW/linel, CdTe layer thickness, aperture area efficiency

(%), average selling price, manufacturing cost, direct material

cost and estimated cost of pure CdTe source material (all costs

and prices in $/M where the dollars are US dollars of the day).

The variation of the consumer price index (CPl) 15 also shown
with the Q4 2009 index arbitrarity set equal to 5.

5 /W, Efficiency, Relative CPI etc.

INTRODUCTION

‘First Solar’ emergence
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M. Green, Learning experience for thin-film solar modules: First Solar, Inc. case study, Prog. Photovolt: Res. Appl. (2010) DOI:

10.1002/pip. 1057
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Emergence of PV industry in China

PV Industry Production by Region (2000-2011)

——China & Taiwan

——ROW

——NMNorth America

—Japan

—EU

Global Annual Production [GWp]

Data: Navigant Consulting Graph: PSE AG 2012
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Emergence of PV industry in China

Timeline of PV development in China

Low cost silicon wafers, cells and

modules for the German (and other
EU) market(s)

Stricter environmental and
comparable quality products

Large scale and innovation

Creation of an internal market
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Emergence of PV industry in China
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@he Washington Post

In the News Rick Perry  Wisconsin recall Pierre de Fermat Sherlock Holmes Play Station 3

washingtonpost.com > Business

P()Srr BUSINESS Japan tsunami spares major economic zones

Solar Energy Firms Leave Waste Behind in China

By Ariana Eunjung Cha
Washington Post Foreign Senvice PHOTOS O3
Sunday. March 9. 2008

GAOLONG, China -- The first
time Li Gengxuan saw the dump
trucks from the nearby factory pull
into his village, he couldn't believe
what happened. Stopping between
the cornfields and the primary
school playground, the workers
dumped buckets of bubbling white
liquid onto the ground. Then they
turned around and drove right back
through the gates of their
compound without a word.

"It's poison air. Sometimes it gets so bad you can't sit outside. You
This ritual has been coine on have to close all the doors and windows,” says Qiao Shi Peng, 28,

1 ten rdav-for ni t shown in front of a dumping site in his village, who worries about his
almost every y Tor nine montns, 1-year-old son's health. (Zhang Quanfeng - Photo By Zhang

Li and other villagers said. Quanfeng)

But has been blamed on environmental record!
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Total Loan Amount (in Millions)

$3,500

$3,000

$2,500

$2,000

$1,500

$1,000

$500

And has been blamed on dumping...

Government Loans to Solar Manufacturers

53,225

Solyndra Trina Solar Suntech JASolar Yingli Solar LDK Solar

W US DOE Loan Guarantee M Chinese Development Bank Loans (as of Q2 2011)
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SOLAR W Tweet 0

UCILLS WANG: AUGUST 15, 2008

=Ty =

Suntech Claims New World Record in Silicon Panel
Efficiency

The Fraunhofer Institute verifies that a Suntech Power multicrystalline silicon
panel has beaten Sandia’s record. Suntech intends to have a 300MW capacity
to produce its new Pluto cells and panels in 2010

Suntech Power said Wednesday it now holds the world record in producing the maost efficiency
multicrystalline silican panels, beating a record previously held by Sandia Mational Laboratories.

A panel sponing the company's newly developed Pluto cells was able to convert 15.6 percent of the
sunlight that strike it into electricity, Suntech said.

The Fraunhofer Institute of Solar Energy Systems in Germany, one of the few labs in the world
whose test results are recognized by the industry, verified the efficiency of the panel. The panel
rolled off a new factory line China-based Suntech set up to statt shipping Plute panels earlier this
year.

The new record will be included by the science journal Progress in Photovoltaics (FIF) that
periodically publishes a list of record-holding efficiency for different types of solar cells and panels.

Yet, the answer is also innovation!
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Emergence of PV industry in China
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Emergence of PV industry in China
The fastest increasing PV market
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Consolidation of the global PV industry
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PV market today
German industry & market domination
Polisilicon feedstock bubble
Emergence of ‘First Solar’
Spanish market bubble
Emergence of chinese PV industry

Manufacturers consolidation
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PV market today

German industry & market domination

Polisilicon feedstock bubble
Emergence of ‘First Solar’
Spanish market bubble
Emergence of chinese PV industry

Manufacturers consolidation

!
Chinese and Japanese

|
market growth
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PV in Portugal
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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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PV in Portugal — legal framework
Roadmap: 2020: [500MW

Demonstration R&D projects:
PV concentration (28!c€/kVVh) [2010]

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

[2008;2010; 201 3]

|IDL 34/201 | March 8th]
(<20kWV: 25c€/kWh; <250kWV: auction)

|IDL 153/2014 October 20th]
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Micro-generation -
Mini-generation - Decreto Lei 363/2007

B Mini-Produgao - Micro-Producao
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Self demand in Portugal
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Self demand in Portugal

Dimensao das UPAC ligadas a RESP (Poténcia de ligacao) s/ ligagdo RESP
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PV in Portugal — flagship projects
Selvagem Grande, Madeira (1983, 660W)
Solar XXI, Lisbon (1989;2.2kW)+ (2005; 12+6kW)
Brinches, Serpa (2007; | IMW)
Amareleja, Moura (2008; 46MW)
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Manufacturers

» Open renewables
» Martifer Solar

» Magpower
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Remarks - PV in Portugal
Almost no manufacturing

Commercialization & installation suffers from
policy hesitations

Current legal framework favors very small

installations for residential users and industrial
installations

Untapped huge solar potential



INTRODUCTION

F u rth e r read i n g (references online or available at course page)

M. Green, Silicon Photovoltaic Modules:A Brief History of the First 50
Years, Prog. Photovolt: Res. Appl. 2005; |3:447—455

M.G. Rogol, Why did the solar power sector develop quickly in Japan?,
MSc Thesis, MIT 2007

M. Frondel, et al, Germany’s solar cell promotion: Dark clouds on the
horizon, Energy Policy 36 (2008) 4198—4204

EPIA Brochure: Supporting Solar Photovoltaic Electricity - An
Argument for Feed-in Tariffs, January 2008

A. Jager-Waldau, Photovoltaics and renewable energies in Europe,
Renewable and Sustainable Energy Reviews, | | (2007) 1414-1437

www.renovaveisnahora.pt

pvcdrom.pveducation.org



http://www.renovaveisnahora.pt/
http://pvcdrom.pveducation.org/

