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Obijectives

* Explore the history of this PV technology
* Establish where we are today (markets, technology)

* Examine where we expect to be in the future



World PV Shipments 2006-2017: Where we are
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Power?

How many
homes in US?

1,310,000 homes

India?
29,500,000 homes
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Obijectives

* Explore the history of this PV technology
* Establish where we are today

* Examine where we expect to be in the future

Driving force for technology has been, is, and will continue to be innovation



Inovacao?



Inovacao: aplicacao de idéias originais ou novas, que levam a solucdes
qgue criam valor.

A semente da inovacao é a criatividade.

Inovacao leva a mudancas significativas e positivas.

A visao é a forca motriz para a inovacao.



“I put my money on the sun and solar energy.
What a source of power!”
Thomas Alva Edison [1903]

“The sun ...

our greatest energy source!”
Charles Proteus Steinmetz [IE8

“The sun is the spring that drives all ...
A better way to obtain power would be to

avail ourselves of the sun’s rays.”
Nikola Tesla [1900]

Os inovadores e visiondrios
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I'd put my money on the sun and solar energy.
What a source of power!

| hope we don’t have to wait until oil and coal run out
before we tackle that.

Os inovadores e visiondrios



“In every walk with
nature one receives
far more than he

seeks.” - John Muir

ianesi mudando!

Xcel to Replace 2 Colorado Coal
Units With Renewables...

On Monday, Xcel won preliminary approval
for its coal plant retirement plan. The Chernoby| Goes Solar With New
Colorado Public Utility Commission voted
unanimously to allow for the early closure of
coal-fired units 1 and 2 at the Comanche
Generating Station in Pueblo County....

1 Megawatt Installation At ...

Chernobyl has been reclaimed to some
degree this week as a long-awaited plan to
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Repower America with Solar Energy

New Ad Calls for Investment in Clean Energy to Help America
Transition off Dirty Coal, Foreign Oil

The "We" Campaign is launching a new national TV ad, called "Solar" calling for
continued major investment in solar energy. It's the latest in a series of ads that
from the org's (we can) "repower America" campaign targeting 100 percent

clean energy in 10 vears through upgrades in energy efficiency, wind power and

nlue-in cars. The shinv new solar ad spot from the WE Campaien
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EverGuard Solar Energy Specialists

Photovoltaic Solutions for
Residential * Commercial * Schools *» Government

EverGuard® Solar Everguard Solar is a New Mexico based green energy company spec

in the design, engineering and installation of photovoltaic (PV) syste

From initial consultation to system completlon Everni~-- sources

decades of professional experienre i~ *' a\e‘S‘ golar re

roofing and elertri~~." o of the g€
MASKTCO -~y wALIS @ ma

.y 1NveW Mexico.

eeotar energy reduces our dependence on foreign oil, reduc
poIIutlon and our urgent need to address the issues of climate chang
global warming. New Mexuco with one of the greatest solar resources

Everguard installs systems that may last 40 years with 25 year performance warranties on your roof top
Building Integrated PhotoVoltaic — BIPV. Your roof is important and an experienced Everguard Roofing ¢
assure your roof will last as long as your solar system.

The environmental benefits of PV are undeniable and proven. The economics, performance and quality o
systems are proven as well — here in New Mexico.

A number of tax credits, utility incentives and other programs make solar PV a sensible solution.

State-of-the-art high efficiency products produced by leading companies such as General Electric, PV
BPBaoassnnmndd Crvmir2 PBovus Babundt Oaswman Brumbank amad DD ann. tnaballand s Fosrnores sonmed
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| EverGuard Solar Energy Specialists

Photovoltaic Solutions for
Residential * Commercial * Schools *» Government

igreen energy company spec
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EMPOWERING ENTREPRENEURS TO REBUILD NEIGHBORHOODS -y NALIS @ ma
Mexico.

endence on foreign oil, reduc
the issues of climate chang
he greatest solar resources

ymel|l AboutUs| Vision| Management| Board of Directors| News| Downloads| Contact

@ The Saudi Arabia of Green Power = = e e warranties on your roof top
rienced Everguard Roofing ¢
Southern California Desert: The Saudi Arabia of Green Power Y o
Exporting solar, wind, biofuel & geothermal power to the counties of LA, Orange & San Diego to meet s o , performance and quality o
he RPS 33% by 2020 Climate Change Challenge. D Fitorences
3ead all at it in the following P int prosentation: % Affiliates a sensible solution.
¥

Online Learning h as General Electric, PV
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,_ California Solar Industry Booming:
oo Report Finds State's Solar Capacity
Has Doubled Over Past Five Years
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d programs,” report co-author Michelle Kinman told the
yme| AboutUs| Vision] Management| Board of Directors| %(Z NPT vl . W \ 020 W Get

First Posted: 11/09/11 02 M ET ;Updated: 11/10/11 12:53 PM ET

9‘ The saUdi Arabia Of Gmn Power React > Amazing Inspiring | Funny Scary Hot | Crazy Important Weird

Follow » Green Energy, Solar Energy , Solyndra , California Green Energy , California Solar Energy
Report , California Solar Industry Booming , California Solar Initiative , Environment

Southern California Desert: The Saudi Arabia of Green Power

- : - . g iforni a Gree e : ; ia Rene 2 Ene i i

:xmm solar. wind, biofuel & geothermal power to the counties of LA, Ora'lge 8 California, Ca §rL» n Energy , Ca Solar Industry , California Renewable Enr\rgy.l , California
7 Solar , California Solar Industry , Rooftop Solar Panels , Solar Energy California , San

he RPS 33% by 2020 Climate Change Challenge. PRt

3ead all about it in the following Powerpoint presentation:

According to a new report, California's solar indug
is absolutely booming.

SHARE THIS STORY
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We have another Aussie solar update . According to Sydney TreeHugger Log- I8
) Warren MclLaren the Australian federal government wants 20% of Entries RSS
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® The Australia's total electricity supplied by renewables by 2020. In the same Comments RSS ) ===
- . . ’ . gy, California Solar Energy
X+l period, Australian power company Worley Parsons, would like to deliver WordPress.org Riiative  Environment
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Aniincios Google

Aquecedor Solar
Universol

Somente para revenda
180L-5 pessoas R$
1.050,00. Acima de 10
unidades.
www.universoll.com.pr

ECO Aquecedor
solar vacuo

Somos importadores.
Consulte-nos. Temos o
melhor prego para
revenda.

www.ecoaquecedores.com.br

Energia Elétrica
Redugao

de Custos Mercado
Cativo e Livre Agente
CCEE (11) 2084-9100

www.engeletrica.com.br

Idéias para Novo
Negécio?

Faga e venda produto
personalizado Confira
esta nova e lucrativa
idéia

dicadenegocio.com.brf
Ecoforce - Energia
Solar

Solugbes Praticas &
Sustentaveis
lluminagao Solar e
Placas Solares

www.ecoforce.com.br

Anuncios Google
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Energia

Espaco Informatica

Energia

En

Materiais

Brasil - Arabia Saudita da energia solar

Mecdnica Meio ambiente Nanotecn

Arley Reis - 02710

Pesquisadores da Universidade
Federal de Santa Catarina
mostraram que, entre 2012 e 2013,
algumas regides do Brasil ja
poderdo ter precos equivalentes de
energia fotovoltaica e energia
convencional.

Programa Solar Brasileiro

Os dados sdo resultado de
simulactes de cenarios para um
eventual Programa Solar Brasileiro.
As simulacoes identificam, entre
diversos itens, o custo total do
programa, o impacto tarifario que
terd através da diluigdo dos custos
aos consumidores finais e o
momento em que o prego da
energia fotovoltaica e da energia
convencional serd o mesmo para o
usuario final.

De acordo com o coordenador dos
trabalhos, o professor Ricardo
Rlther, foram realizadas simulacoes
para diferentes portes de programa,

Telhados solares poderdo gerar energia elétrica com custo
similar ao da energia convencional a partir de 2013.
[Imagem: Labsolar/UFSC]

Znergy

Caixa Plastica sem Moldes .

Projeto e Confecgéao de Gabinetes de ifornia
Plastico para Painel Elétrico! in

pecasplasticas.com

Aquecedor Solar p/ Banho
Banho Quente ¢/ Aquecimento Solar. Alta
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Full version: India’s solar
sunrise - The Saudi Arabia of Solar!

02 May 2012
Darshan Goswami

Comment: Solar Energy has the potential
to re-energise India’s economy by
creating millions of new jobs, achieve
energy independence, reduce the trade
deficit and propel India forward as a
‘green nation’. In short, solar offers too
many benefits for India to ignore or delay
its development.

The views and opinions expressed in this article are solely those of the writer
and are not intended to represent the views or poiicies of the United States
Department of Energy.

India is one of the sun’s most favoured nations, blessed with about 5000 TWh of
solar insoluation every year. India should tap this vast resource to satisfy its
growing energy demand - and time is of the essence. Even if a tenth of this
potential was utilised, it could mark the end of India's power problems — using the
country's deserts and farm land.

India could lead the world by embracing the power of the sun, if smart business
models and favourable policies are developed and implemented nationwide as
quickly as possible.

Need backing

Despite the worldwide recession, the solar photovoltaic (PV) industry has
demonstrated unprecedented growth over the past years, with increased
demand for solar power attracting more and more players into the market. The
price of solar panels fell 47% in 2011, according to Bloomberg. This has made
the business case for solar more compelling because solar PV has, in some
parts of the world, already reached grid parity, and it will soon be below the
USS1/W cost target for most of the world sometime this year. This is making
solar technology more competitive with traditional energy sources.

The Indian Government should therefore embrace favourable tax structures and
consider providing financial resources to fund projects such as community solar
farms as part of their energy development programmes. “India can be a great
power, ushering in a game-changing third industrial revolution by utilising its
renewable energy resources and collaborating with power producers and

. Solar
India’s ec

Share

generatio
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Home News

SPACE m ENVIRONMENT HEALTH LIFE

Home | Tech | Environment | News

17:33 18 October 2011 by Chelsea Whyte
Magazine issue 2835. Subscribe and save
For similar stories, visit the Energy and Fuels Topic Guide

Think of solar arrays and you'll probably picture panels under blistering desert heat
- but we may be able to get more energy from solar panels on snow-capped
mountains.

Kotaro Kawaijiri at the Massachusetts Institute of Technology mapped solar
irradiance across the globe in collaboration with colleagues in Japan. They found
that some of the highest levels of sunlight can be found in the Himalayas and the
Andes: at altitude, less light is lost to the atmosphere.

In-Depth Articles Blogs Opinion TV Galleries Topic Guide

imalayas could become the Saudi Arabia of solar

Full version: India’s solar
sunrise - The Saudi Arabia of Solar!

02 May 2012
Darshan Goswami

Comment: Solar Energy has the potential
to re-energise India’s economy by
creating millions of new jobs, achieve
“nergy independence, reduce the trade

eficit and propel India forward as a
jreen nation’. In short, solar offers too
nany benefits for India to ignore or delay
is development.

he views and opinions expressed in this article are solely those of the writer

ad are not intended to represent the views or policies of the United States
PHYSICS&M : e ; i ;

epartment of Energy.

dia is one of the sun's most favoured nations, blessed with about 5000 TWh of
lar insoluation every year. India should tap this vast resource to satisfy its
rowing energy demand ~ and time is of the essence. Even if a tenth of this
tential was utilised, it could mark the end of India's power problems — using the
duntry's deserts and farm land.

idia could lead the world by embracing the power of the sun, if smart business
jlodels and favourable policies are developed and implemented nationwide as
Jickly as possible.

leed backing

espite the worldwide recession, the solar photovoltaic (PV) industry has
emonstrated unprecedented growth over the past years, with increased
emand for solar power attracting more and more players into the market. The
fice of solar panels fell 47% in 2011, according to Bloomberg. This has made
ie business case for solar more compelling because solar PV has, in some
arts of the world, already reached grid parity, and it will soon be below the
S81/W cost target for most of the world sometime this year. This is making
slar technology more competitive with traditional energy sources.

he Indian Government should therefore embrace favourable tax structures and
ansider providing financial resources to fund projects such as community solar
Irms as part of their energy development programmes. “India can be a great
ower, ushering in a game-changing third industrial revolution by utilising its
newable energy resources and collaborating with power producers and

. Solar
India’s ec

Share

generatio



Webinars

BtreehL

udo o que &

ALL | DESIGN Principal |
Andncios COOé:

Repower Amel | aquecedo
. . Universol
Campaign (Vid | somene »:

180L-5 pes:

. 1.050,00. A

I unidades.

NewsScientist

Home News

George Spyros

[y

In-Depth Articles Blogs

SPACE m ENVIRONMENT:

Home | Tech | Environment /

imalayas could become

17:33 18 October 2011 by Chelsea Whyte
Magazine issue 2835. Subscribe and sav
For similar stories, visit the Energy and Fi

Think of solar arrays and you'll probably pict:
— but we may be able to get more energy froi
mountains. i

Kotaro Kawajiri at the Massachusetts Institu;
irradiance across the globe in collaboration u
that some of the highest levels of sunlight ca
Andes: at altitude, less light is lost to the atm:

AN A G A ) )2
4 |

,'l!:"c‘jr,

| Downloads/ White Papers

< Bbg

« D1 Shaba

(&) o

n 1434 H Search Archives

ES

Saudi Gazette.....

HOME KINGDOM MID-EAST WORLD OPINION ECONOMY SPORTS LIFE HEALTH CLASSIFIED ADS
)
audi Gazette
A ' .com.sa 6
1 Shaban 1434 H

ECONOMY

Norway to help bring solar energy to Kingdom

Sau
JUBAIL

Swicorp Joussour LOmpany, & Sauar joint stock company capitalized at SR2.67 billion ($712 million) launched by Swicorp,

announced that it has partnered with Chemical Development Company (CDC) of Saudi Arabia, and NorSun of Norway to invest in the |

construction of a polysilicon plant in the industrial city of Jubail.

NorSun will initially own 50 percent of the shareholding in the company, with Swicorp Joussour and CDC holding the balance. The
transaction is aligned with Swicorp Joussour Company’s focus on energy and energy-intensive industries that leverage the competitive

advantages of the region.

This project has attracted two top tier companies to the region, NorSun and SunPower, both of which will be off-takers of the project "

Commercial production is planned to commence in 2010 with an initial capacity of 3,000 metric tons per year.

*Jubail is an excellent location for this polysilicon plant allowing Swicorp Joussour and its partners to benefit from the world class

infrastructure and competitive energy costs In the Kingdom,” said Faysal Hamza, executive director, Private Equity, Swicorp Joussour

*In addition, this project is a very compelling investment for our shareholders with the solar industry's projected growth of more than 30

percent across the value chain and its contribution towards developing alternative energy in the region.”

In the Middle East, alternative energy is a new area of interest, which has gained recent attention due to the pressing need for economies

to look toward diversified energy sources for future generations

A

Ibrahim Al-Humaidan, president of CDC, said: “Harnessing diversified sources of energy is critical to the development of tomorrow's |
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China has made notable strides to transition towards a lower-carbon economy. Most recently, local
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By Paul Davies and Andrew Westgate

China has made notable strides to transition towards a lower-carbon economy. M
Think of solar arrays and you'l authorities were ordered to halt construction of coal-fired power plants in 13 provi
- but we may be able to getm already outstrips demand. Demonstrable of its efforts to end reliance on coal and
mountains.

ternatives, China is ramping up efforts to increase renewable energy use.

| China is rapidly emerging as a renewable en
achieve a low-carbon future. In a real sen

T and has committed signi
China is becoming the Saudi Arabia

Kotaro Kawajiri at the Massac
irradiance across the globe in
that some of the highest levels
Andes: at altitude, less light is

¢ China invested US$110.5 billion in clean energy in 2015 — a 17 percent incre
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@ims to become ‘solar Saudi Arabia’

By Nick Miroff
The Washington Post Mar 31,2017 % (...)

A tractor is used to clean the photovoltaic panels at Finis Terrae solar park near Calama.
Strong desert winds stir up dust that coats the panels, reducing their energy output. Tamara
Merino/The Washington Post.

f v & 8 [

MARIA ELENA, Chile - On the solar farms of the Atacama Desert, the workers dress like
astronauts. They wear bodysuits and wraparound sunglasses, with thick canvas headscarves to
shield them from the radiation.

The sun is so intense and the air so dry that seemingly nothing survives. Across vast, rocky
wastes blanched of color, there are no cactuses or other visible signs of life. It is Mars, with

better cellphone reception.

It is also the world’s best place to produce solar energy, with the most potent sun power on the
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By Nick Miroff
The Washington Post Mar 31,2017 % (...)

Solar | April 4,2012 3:33 pm

Saudi Arabia plans to generate 10 per cent of its energy from
solar power by 2020

Riding on huge investments and aggressive renewable energy
plans, the Kingdom of Saudi Arabia aims to derive 10 per cent
of its electrical supply from solar power by 2020. The Arab
kingdom has announced ambitious energy project which may
see it become world's largest source of solar energy.

The kingdom announced that so far it has secured $3 billion in
funding for developing PV and CSP power plant in the future.
Such an achievement will see Saudi Arabia emerge as the
world's largest source of solar energy.

A tractor is used to clean the photovoltaic panels at Finis Terrae solar park near Calama.
A statement by the Saudi government said that the country Strong desert winds stir up dust that coats the panels, reducing their energy output. Tamara

Merino/The Washington Post.
hopes to be able to generate 5 GW of solar energy by 2020 in order to meet this target. The move also [t /e Neehington o

aims to create more job opportunities, as the Saudi government said the Kingdom's budding solar industry |:e: f v & 8 Q
could create over 15,000 jobs. e

MARIA ELENA, Chile - On the solar farms of the Atacama Desert, the workers dress like

astronauts. They wear bodysuits and wraparound sunglasses, with thick canvas headscarves to %P[}PNIggé

The statement further said that the government was encouraging the development of solar farms, plants for
processing of raw materials and assembly, and other related facilities. As a result, various investors have toa

already pledged more than $3 billion for various solar ventures. X I' The sun is so intense and the air so dry that seemingly nothing survives. Across vast, rocky
=== wastes blanched of color, there are no cactuses or other visible signs of life. It is Mars, with
3se Dbetter cellphone reception.

shield them from the radiation.
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One of the most talked about projects is a $380 million polysilicon plant, slated to be built along the Gulf
Coast. The development of the Saudi Arabia's solar power sector will be at the heart of Saudi Energy 2012 It is also the world’s best place to produce solar energy, with the most potent sun power on the
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Saudi Arabia to Bécome the Saudi
abia of Solar Electricity

By Garvin Vi
June 10, 2011 15 Comments ' s
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Your guide to Renewable Energy

WIND BIOMASS SMALL HYDRO POWER MIS|

éudi Arabia’

Solar | April 4,2012 3:33 pm

Saudi Arabia plans to generate 10 per ¢ Do you like this news? ®
solar power by 2020 ~JEmail |’ Bookmark @=Print [ Feed EJ Share

H Bike ¥ Tweet < 0 F +1/. 0 “, |3 ¥ Tweet < 43 EERN 14 Shm 3 R+

Riding on huge invest

lans, the Kingd f - 2
e e A couple days ago Bloomberg reported the following: "Saudi Arabia plans to generate

solar electricity equaling the amount of its energy from crude exports, Oil Minister Ali Al-
Naimi said.” Wait, what?

of its electrical suppl
kingdom has announc VIDEO N

see it become world's

That sounds like a ridiculous quantity of solar electricity. The article doesn't say
quantitatively how much energy that is, so | did a quick check. Saudi Arabia exports about B
2.7 billion barrels of oil per year, each containing the equivalent of 1,700 Kilowatt hours of

The kingdom announci

funding for developing

Such an achievemen

world's largest source electricity for a total of 4.59 x 1072 kWh per year, or the equal of about one quarter or the
world's annual electricity demand. ark near Calama.

A statement by the £ ergy output. Tamara

hopes to be able to generate 5 GW of solar energy by 2020 in d Okay, so obviously solar electricity equal to the energy in all of Saudi Arabia's crude

T aims to create more job opportunities, as the Saudi government s exports is far more than the Saudis could ever use, so maybe I'm misunderstanding the

- could create over 15,000 jobs. Qil Minister’s meaning. Except, Bloomberg goes on to report that "Saudi Arabia, the
- world's largest oil exporter, has the potential by 2020 to produce enough solar power to :Z‘;‘?:Sdﬁzzziﬁm o APPLYT
The statement further said that the government was encouraging | meet more than four times global demand for electricity, al-Naimi said." Okay, so it ' FUND FC

processing of raw materials and assembly, and other related facili appears they really are planning to ramp up huge. World leading huge. Region-or-more
already pledged more than $3 billion for various solar ventures. powering huge. A development plan this ambitious can only mean that Saudi Arabia 1 i;‘“;:s,s ‘I’\;*St’ r°°_1t‘i
e. 1t 1s Mars, wr
intends to become a huge source of exportable electricity. =
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tl One of the most talked about projects is a $380 million polysilica
£ Coast. The development of the Saudi Arabia's solar power sector| Why would the world's largest oil producer wish to so quickly become the world's largest | otent sun power on the
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How did this all begin’?

First market for PV ... space

Vanguard |

First Solar-Powered Satellite
\ March 17, 1958

% . 12:15:41 UTC

\
\
Pu

Can still track Vanguard!
www.n2yo.com

S

‘

——

Weight: 1.47 kg
Transmitter:
108.03 MHz, 5 mW

. D)



Currently:

> 400 active satellites in earth orbit







The future o o o Scenarios Business as Usual Renewables/Efficiency

Figure 1: Conservative, Moderate, and High-Renewables Scenarios to 2050
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The future . . . scenarios

WORLD ENERGY VISION
German Advisory Council on Global Change (WBGU) WorldEnergy.org
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The future . . . scenarios

WORLD ENERGY VISION
German Advisory Council on Global Change (WBGU)
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Solar Power |
il Jordan |

Modi government sets revised solar mission target at 100

CW 100 GW by 2022

@CSE_Aruna | Thursday 18 June 2015

India

The revised capacity has been divided into 40 GW for rooftop solar electricity generation and 60 GW for large
and medium-scale grid-connected projects

ounced the

© The Centre

2010

u Natione

3l Solar Mission in

000

had anr Jawaharlal Nehr

(Credit: Jonas Hamberg)
Prime Minister Narendra Modi has given his approval for increasing the national solar mission capacity from the
current 22 gigawatt (GW) to 100 GW by 2022

In a bid to reduce the use of fossil fuels and increase the capacity of renewables, the Centre had announced the

Jawaharlal Nehru National Solar Mission (JNNSM) in 2010 for developing 20-GW capacny solar grids and 2-GW g
5 o B AIS0 Uy ourmoDieappsIor T T = h

Algeria Takes Solar Steps with

Egypt's Ministry of Electricity to receive bid Tender and Grand Plans

first ever solar PV plant

Faced with a potentially toxic g

2EI ; "-‘;‘I: 21‘_3’" -:-I_:‘.ﬁl APPLICATIONS & INSTALLATIONS, DEAL PV IARKETS . MARKE :!ln\ " lﬂ[‘:l::::‘b.[.;l"('ll1 :::“ h"L r -:' __4.. A L ¢ 5w |
prodbction, ..\ i ?unLlrlb (4% :
The 200 MW plant is being offered on a build-own-operate s ' expond thelr cocay -"ﬂ‘ =
scheme, with 23 Egyptian and international companies exps '“‘l"'““"‘i ’T‘{"f‘*\[?':::’{\‘r yoar - ! =
lodge hids in the tender. nation took a step & o i

PHOTOVOLYAIC

MARKETS & TECHNOLOGY

Features News Events Opinion & analysis Services Directory  About  Archive

FUTURE I HERE

mart Efficient -Safe Rellable

Home » News » China aims for 150 GW of solar PV by 2020

150 GW by 2020
China aims for 150 GW of solar PV by 2020

14. OCTOBER 2015 | GLOBAL PV MARKETS, FINANCIAL & LEGAL AFFAIRS | BY: CHRISTIAN
ROSELUND

The nation has again raised its targets for PV deployment, with a
goal to install 20 GW annually from 2016 through 2020.

Admlnlstratlon (NEA) told state news agency
Xinhua that China will increase deployment of solar

PV to 20 GW annually through 2020, to reach a

capacity of 150 GW.

NEA will push for more distributed
solar in densely populated Eastern
and Central China.

NEA estimates that the nation had installed 35.8
GW of solar PV by the end of June 2015, with 7.7
GW installed in the first half of 2015 alone. This is the second increase of goals made
this month, following the increase of China's 2015 installation target to 23.1 GW.

NEA New Energy Office Director Dong Xiufen says that future work will focus on
distributed PV in Central and Eastern China as well as Western China, which has seen

the bulk of development to date.
o

Sello De wenoereda in U1 2074

be

Qatar General Electricity and
If yo Water Corporation (Kahramaa)
po been charged with the task of
dow delivering the Z00MW solar ener
rep plant project by 2020.
colu
firm. Kahramaa renawable energy
we f technologies section head Saleh
marf Hamad al Marri will soon be providing a detailed update on the sirategy and technology
why. requirements for the upcoming solar project at the Solar Qatar Summit 2013, to be held
rep

mid-November this vear.

China

V|

Huawei Smart PV Plant Soli



World PV Shipments 2001-2017: Where we are
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Annual Worldwide PV Shipments

What about other “renewables’?

I8 Vietnam I 3 Thailand

[ 1 Philippines I 3 Taiwan

[ 1 Singapore [ 1 China

I ¥ India I 3 Europe

L 3 S.Korea I8 Japan

Il Malaysia I 3 United States
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« Paula Mints, Solar PV Market Researc
April 2018 (2001-2017)

revised 04-2018

3,073
1,050 1,408 1984 -
351 505 675 0 se S F
01 ‘02 ‘03 04 05 06 07 ‘08 09 ‘10
Year

1

3
26,062 E

12

4,011

13

39,397

Fi

14

50,877

15

69,461

"16

17




Global Renewable Energy Portfolio
Global Renewable Power Capacity, 2007-2017

Gigawatts
2,600

2007

2008

World Total Global
2,195 Gigawatts renewable

power

Estimated Renewable Energy Share of Global Electricity Production, End-2038 REN21

BEEn

~50 2038: About 50% of Electricity
Nor;-renéw:lble Of ~2’650 GW

electricity

2_5% Bio-power

Ocean, CSP and
3.0%
.J /0 geothermal power




Wind Energy

FIGURE 34. Wind Power Global Capacity and Annual Additions, 2007-2017
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The PV beginnings . ..
64 years ago !



The PV beginnings . ..
[t started in 1954 at Bc" Tclcphonc | aboratories



Bell Labs
mono-Si Cell

/ J ( Bell Labs
mono-5i Cell

n Team






Press Conference
January1953 January1954 = ° NYC-NAS

PV Project Initiated Proof of Concept

ngl 1954

June1953 March195 November 1954
Silicon Selected Technolag diness Modules Deployed!"

(>

&

Bell concern with c@nsumerbuy in:
How do these new: @lectronic devices work?






In 1958, the annual production of photovoltaic cells was ~50 W from Hoffman Electronics!!!

Now ...



Where is all this PV coming from?
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PV Shipped (2017)
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Europe (2%) | Singapore (1%)
\ | ,U.S. (0.6%)

Top PV Manufacturers in 2017
. Jinko Solar (9.7 GW) [

Trina Sollar (9.1 GW)
JA Solar (7.5 GW) [
Canadian Solar(6.85 GW) -
Hanwha Q cells (5.4 GW) BON
GCL (4.6 GW) * =
Lerri Solar Tech (4.40 GW) -
Yingli Green (2.65 GW)-
First Solar (2.60 GW) &=
10. Risen Energy (2.5 GW) -
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Where is all this PV going?

Germany -

2011 PV Installations 17.30 GW

Rest of
World

Spain - 3.8 GW

Italy - 3.50 GW
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SAUDI’S ELECTRICITY MARKET:

Saudi Arabia has enough sunlight to meet the world’s
electricity needs four times over. The kingdom should not
only expand its solar energy sector but help initiate a region-
wide energy gridto help itsneighboursmeet theirgrowing
energy demands.

BY BEN AINSLEY & LEWIS MACKINNON

HE NAME SAUDIARABIA IS SYNONYMOUS
with oil. With 267 billion barrels
of reserves and a production
level of over 11.6 million barrels
per day, Saudi Arabia domi-

nates OPEC and plays a central role
in setting global oil supply and price.
Nonethglesemsererei smalso has the
'ntial to be a key player in an
energy market: solar power. According
to NASA data, Saudi Arabia is the ‘second
sunniest place on earth’— behind Chile’s
Atacama Desert — with solar irradiatio
salong The Red Sea coastling
of Jeddah™ass ; per square
metre perday. Theoretically, Saudi Arabia
has enough sunlight to meet the world’s
electricity needs four times over.

In February 2013 a White Paper was
realised by the Saudi government laying
outplansforthesolar powerindustry. For
numerous political, economic and demo-
graphic reasons, Saudi Arabia should not
only expand its solar energy sector but go
further than the White Paper proposes
and help initiate a region-wide energy
grid to help its neighbours meet their
growing energy needs.

SaudiArabia’s desire to move into solar
power is an idea still in its infant stages.
In 2011 the country did not have a single
renewable energy target and at present
solar energy accounts for just ten mega-
watts (MW) of a total state capacity of
41,924MW. Most recently the kingdom
completed a 3.5MW plant that will be
used to power desalinisation plants.

In February 2013 the King Abdullah
City for Atomic and Renewable Energy
released amuch anticipated White Paper
outliningatenderprocessfor solarenergy
projectsandthegoalsit wishestoachieve.
The document outlines a $109bn invest-
ment planinsolar powerinfrastructure
thatwould total41,000MW of solar power
(by 2030). The 41,000MW would be split
between two different varieties of solar
power: photovoltaic (16,000MW) and solar
thermal (25,000MW). This shift to solar
would save the country the equivalent of
523,000 barrels of oil a day. This invest-
ment is huge; in 2011 total global solar
investment was just $136bn. Nonethe-
less, giventhe changingglobalmarketand
Saudi Arabia’s insatiable energy demand
the country should go further and begin

I T




Europe (z%)"‘\déﬁ.,(;;ﬁ)..e (1%) * Average module Prices decreased by 8%

Japal GRN || /U.S. (0.6%) from 2016 ($0.53/W) to 2017 ($ 0.49/W)
* Lowest price in 2017:$ 0.29/W

South Korea(5%
* Modules with 272 cell/module dominate

PV Installed (2017)

Malaysia (10%) Latin (1% Country Installed - 92.9 GW
America (1%
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The Effect!?

£00.- World PV Module Prices

«

o

o
1

O ponto da virada
The tipping point

2.00 - .

MALCOLM
GLADWELL

Autor de J

Module Market Prices ($/W)

Muito obrigado, China!

$0.74/W

Now - <$0.47/W $0.69/W
~$0.50/W
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Thin-Film PV Manufacturing Companies (USA)

a-Si and Thin-Si
Uni-Solar — Ml

Applied Materials — CA
Signet Solar - CA
EPOD Solar - CA
PowerFilm Solar - 1A
EPV Solar — NJ

Solar Thin Films — NJ
Xunlight - OH

MWOE Solar - OH

MV Systems — CO
Nano PV - NY

Sencera — NC
Helianthos — ID
Solasta - MA
Lightwave Power — MA
ProtoFlex — CO

New Solar Ventures — NM
Innovalight — CA
NanoGram — CA
CrystalSolar - CO
Ampulse — CO

Solexel — CA

SiGen - CA

SierraSolar — CA
AstroWatt - TX
Parachete Energy — SC

2012

CdTe

First Solar - OH
Abound Solar - CO

GE Primestar Solar - CO
Nuvo Solar Energy — CO
Calyxo - OH

Sunlight 26 - OH
Canrom — NY
Ascentool — CA
Solexant — CA

Bloo Solar — CA
SunPrint — CA

Zia Watt Solar - TX
Evolucia - FL

W&K Solar - OH

EPIR - IL

Natcore - MA

Organic

Konarka — MA
Plextronics _ PA
Solarmer Energy — CA
PowerFilm Solar - 1A
GPEC - NY

LumoFlex — GA
MicroFab - TX

Luna Innovations -VA
SolarAmp — NC

CIGS

Global Solar - AZ
Ascent Solar - CO
Miasolé — CA
Nanosolar — CA
Heliovolt = TX

Solyndra - CA
SoloPower — CA
JNL Solar - CA

Telio Solar — CA
AQT -CA

Stion - CA
NuvoSun — CA

Sun King Solar — CA
EPV Solar — NJ

Amelio Solar — NJ
ISET — CA
Daystar -NY

IBM — NY

RESI — NJ

First Solar - US
Light Solar — NV
XSunX - OR
Crystalsol — US
Suntricity - NY



Thin-Film PV Manufacturing Companies (USA)

a-Si and Thin-Si
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Longyangxia Dam Solar Park
Qinghai, China California, USA
Phase |: 320 MW (2013) 579 MW (2015)
Phase II: 860 MW (2015)

Gurjarat Solar Park Facility Topaz Solar Farm
India (Several Locations) California, USA
857 MW (2015) 550 MW (2014)




. - Size
Location $ 2y $ Ll + % Remarks
wa GW-h p.a. km? e

1547MW solar power was installed

Tengger Desert Solar Park « 37°33'00"N 105°03"14"E 43 2016 . o
in Zhongwei, Ningxia by 2015.

Copper Mountain Solar Facility BE= United States

of phase Il to

Desert Sunlight Solar Farm BE= United States
b0 MW completed

i in October 2011,
Il and 1ll. 60 MW

Huanghe Hydropower Golmud Solar Park ‘ = v onstruction. Within

36°24'00"N 95°07'30"E
~ a group of 1,000 MW of co-located

plants




Off-Grid versus Grid-Connected!?
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Technology Diversity
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Current R&D Priorities

* Materials and Devices

* Manufacturing
* Reliability
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The Fast-Evolving World of Bi-Facial Solar Cells/Modules ‘\.‘ /(

Installation with High Reflection
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Mounted

— Conventionally
Mounted
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Arguments for Thin-Film PV
® Semiconductors
Direct bandgap: more-efficient light absorbers
Thinner layers required to absorb sunlight—better materials utilization

Semiconductor bandgaps well-matched to solar spectrum
and some tunability

Diversity of semiconductors
Diversity of device structures

* Fewer Processing Steps

* Processing well-suited to Automati
Monolithic integration

Substrate diversity: flexible, rigid, semi-tr ——
“’Glass in —Module out”: Roll-to-roll fabris —

ptome iy 8 i

Better energy output - kWhr/kW RN

Perform better at lower light levels — k ‘ ‘ ‘ ‘
Perform better in diffuse and as well in ¢ Glass

Glass

Ce" 1 Ce" “2”



Challenges

* Higher module efficiency
* Gaps In efficiency: Between cells and modules,
Between best cells and attainable levels
* Thinner absorber layers (<1.0 um?)
* Alternative absorber production (processes)
» Faster absorber processing
» Stability and encapsulation
(water/water vapor ingress) 3y e e
» Materials availability/cost Bankability
 Uniformity and stoichiometry
(manufacturing issues)
» Standardization of equipment
* Environmental/materials concerns
* Recycling, "Insurance”
» Substrates (glass, plastics)
* Engineering of V. . ..



ALL PV: Very good “energy payback” times

m BOS
Frame
O Module

| Energy Pay-Back Time for PV and CPV Systems

Different Technologies located in Catania, Sicily, Italy

Global Irrad.: 1925 kWh/m?/yr, Direct Normal Irrad.: 1794 kWh/m?2/yr

Multi-Si PV Mono-SiPV ~ CdTe PV
13.2% 14.0% 1%

Solar Cells: Energy Payback Times and Environmental
Issues. Figure 3

EPBT of PV systems: Rooftop installed module with
insolation =1,700 kWh/m?/year and performance ratio =
0.75; European production

.3
Y]

m Tracker

Inverter

Mounting + cabling
® Frame
®Laminate

Ce

Ingot / crystal + wafer

m Si feedstock
oier O

EPBT for PV and CPV Systems [years]

Mono-S Multi-S a-S um-S CdTe CIGS CcpPv Technology

Glass-EVA- Glass-EVA- Glass-PVB-glass | Glass-EVA-glass | Glass-EVA-glass | Glass-EVA or Flatcon CX-75

Module composition
backsheet backsheet PVB-glass CPV-System e :

2011 2011 2008-2011 2013 2010-2111 201 2011 Status
estimate
14,8% 14,1% 7.0% 10,0% 11,9% 11.7% 241% Efficiency
~300 MWp ~300 MWp 33-45MWp 120MWp 963MWp 20-66MWp - Scale of production

Data: M.J. de Wild-Scholten 2013; CPV data: “Environmental Sustainability of Concentrator PV Systems: Preliminary LCA Results of
the Apollon Project” 5th World Conference on PV Energy Conversion. Valencia, Spain, 6-10 September 2010. Graph: PSE AG 2014

Z Fraunhofer
ISE
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Amorphous Silicon:
A Technology in Disorder

a

Human Hair Jye- CdTe CIGS,CZTS I-V
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Thin Films:The commercial leaders
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Thin Films: The commercial leaders

Cu(InGa)(S,Se); Thin Film Cell CdTe Thin Film Cell
Best Research:22.9% - Solar Frontier Best Research: 21.1% - First Solar

Front Contact
Al (0.3 um) on Al (0.05um)

el Mg (-0./ um)

Glass Superstrate

ZnO (0.5 um) (3-4 mm)
CdS, ZnSnO, or InSe
(0.05 um)
CdSnO,
ZnZSnO4
CIGS (2-4 um) Zn,Cd,_S

CdS (0.05 pm)

CdTe (1.6 um)

Mo (I um) ( )

Ni (0.0] um)

Al(0.03 pm) [

@ Glass Substrate

8 (3-4 mm)
Also, stainless steel, Encapsulant
@ polymer



Thin Films:The commmercial leaders

Series 6 Module Technology

First Solar.

INDUSTRY-LEADING MODULE WARRANTY
98% WARRANTED POWER IN THE FIRST YEAR

25-YEAR 0.5% LINEAR PERFORMANCE WARRANTY

10-YEAR LIMITED PRODUCT WARRANTY

FRAME ON FRAME STACKING

HIGHLY ROBUST

LESS WASTE

| INNOVATIVE UNDER-MOUNT FRAME !



'}, SOLAR
€ FRONTIER

b

Company

Company > F

Miyaz

Site Area: 50
Investment:
On line: 200

Solar Frontier is
Kunitomi Plant is
wattages availal
commercializati

will enable the n
class cost levels,

Solar Frontier's CEO Aims for 40-Cents-Per-Watt CIGS
Modules







NATIONAL RENEWABLE ENERGY LABORATORY

Sharp
(IMM, 302x)

FhG-ISE/ Soitec

Boeing-
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~w Sharp (IMM)
vV

NREL (38.1x)




Terrestrial Solar Spectrum

Energy (eV)



Terrestrial Solar Spectrum

Conventional solar cell responds
to one specific portion of the
solar spectrum



Terrestrial Solar Spectrum

Multiple-junction solar cells use
stacks of different semiconductors
to use more of the solar spectrum




Concentrator Photovoltaics (CPV)

Use optics to reduce the cell area (from 2 to more than 1000 times)

Flat Plate Concentrator

<—_ lens or
mirror

, ANED, SRS, AN AN, WD, . /

“—— solarcell —

Shifts the major system cost from the cell to the optics
Can afford more efficient, expensive cells
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Organic Thin Films:
Just one-word-‘“‘Plastics’”
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What | was really thinking
was a "plastic solar cell™!




Organic Photovoltaics (OPV)

* “Flexible”

* Roll-to-roll processing
* Low-energy production
* Inexpensive



Organic Photovoltaics (OPV)
SU@EW = APPLICATIONS v

OPV v SUNEW v NEWS v CONTACT v PT EN

/

DESIGN & ENERGY

Customized and high value solutions
o

T s‘d_’w j JI o T AN et N - v o T
SRR TV, R _ E’A‘?’K} LSRRI Ly ml SRRl fa RN RS e - ‘.ﬁ*ﬂm

Start Up
Energy Transition

‘| had the good fortune to visit CSEM and was so impressed with the status (...) Even with my some 40 years’ experience in PV, |
was not expecting what CSEM/SUNEW had already accomplished in this short time”

L.L. (Kaz) Kazmerski, NREL (Emeritus) and RASEI, University of Colorado Boulder

OA'AAd - - J

* Inexpensive



Best Research-Cell Efficiencies i:NREL

NATIONAL RENEWABLE ENERGY LABORATORY
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Evolving Complexity of PV Materials Science




Market

From Lab Bench to

Nothing is easy ...
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But, what about funding?




Mas que sobre o financiamento?
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Perovskite

Dye-Sensitized Solar Cell (DSSC)
(Gratzel Cell)

Perovskite

Positive Electrode

Graphite

Elgctrode |




Perovskite

Li-TFSI: Lithium Bis-trifloromethanesulfonimide-doped spiro-MeOTAD

Perovskite

spiro-OMeTAD Spiro-OMeTAD” - TFSI'

Hole Transporting Layer (Decrease charge recombination and
prevent direct contact between perovskite and metal electrode)







Perovskite

Perovskite

>~

Hybid Perovskite (organic-inorganic)
CH3NH3PbBr3

Methyl-ammonium lead halide [(MA)PbX;]



Perovskite

Counterelectrode

Hole (h?, positive '
charge) conductor

O Trihalide perovskite
Porous TiO, e~

Perovskite TiO3 layer (dense)
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ISSUES (’greater than 20% in lab but ...’)

* “Get the lead out” (toxicity)
* Stability (performance)
* Manufacturability (large area)

CH3NH3PbBr;

_ 3
8 Brs

Pb
NH




Innovation in Approach:

: . . , Not your father’s materials science anymore!
Materials by Design + Artificial Intelligence

Materials by Inverse Design | |
Y
Conventional Approach -

Electronic
structure

Atomic
confhguration

“Edisonian Approach” - Conventional trial-by-error science

“Materials-by-Design” - Inverse process: Define desired materials functionalities

and work backward to computationally define (determine)
best-of-class materials



The Mystery of the Missing Materials

Stay alert, Sherlock Holmes. The
Center for Inverse Design is “afoo

The Center (CID)—an Office of
Science Energy Frontier Research
Center—is in hot pursuit of new
materials with extraordinary
properties. And under CID’s
magnifying glass is the vast materials
space containing the promising
A,BX, spinel metal-chalcogenide and
ABX half-Heusler tetrahedral
compounds, which have great
potential for solar-cell and other
electronic and optical applications.

Curiously and unexpectedly, when

CID researchers turned to the highly

respected compilations of

documented inorganic compounds,

they found that most families of these

interesting materials were missing!

[ Were they not feasible
thermodynamically?

[ Or were they simply impossible to
synthesize?

0 Or were they somehow overlooked
by those meticulous

“In solving a problem of this
sort, the grand thing is to
be able to reason
backward.” (A Study in
Scarlet, 1887)

Enter the scien
the CID inverse
partners—from the
Renewable Energy
Laboratory (NREL),
University of
Colorado— Boulder,
Northwestern
University, Oregon
State University, and SLAC
National Accelerator Laboratory.
First, the theory specialists followed
the CID-developed inverse design
methodology: consider design
principles that relate to materials
being possible because of their
thermodynamic stability. Can inverse
design find some evidence for the
existence of these missing materials?
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The Mystery of the Missing Materials

Stay alert, Sherlock Holmes. The
Center for Inverse Design is “afoo

The Center (CID)—an Office of
Science Energy Frontier Research
Center—is in hot pursuit of new
materials with extraordinary
properties. And under CID’s
magnifying glass is the vast materials
space containing the promising
A,BX, spinel metal-chalcogenide and
ABX half-Heusler tetrahedral
compounds, which have great
potential for solar-cell and other
electronic and optical applications.

Curiously and unexpectedly, when

CID researchers turned to the highly

respected compilations of

documented inorganic compounds,
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. Record tandem
:> OXFORDPV (perovskite on SI) possible device designs

mechanical stack monolithic integration

TCO (ITO?)
SpiroMeOTAD SpiroMeOTAD
Perovskite (7 nm) Perovskite (7 nm)

Perovskite (? nm) 2 ] alternative tunnel-iunct

(n)e-Si (~200um)

A ‘

(n)c-Si (~200um)

| (da-SiH |
F R s N
Al B

Al

%= Record tandem 27.3% confirmed (2018)
=t N RE L (perovskite-perovskite)

Two-terminal,
perovskite/perovskite tandem

Rear subcell g N
(narrow gap) e AT —

Recombination layer 1.2eV perovskite

Front subcell . : PEDOT:IPTSS

(wide gap) : e Sn0,/PCBM

4 ITO glass ' ‘ ' ~ 1.8eV perovskite

| | >25%? (2018)
{ 1 4 v O.

NiO
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Jobs in Renewable Enert

Bioenergy
biomass, biofuels,
biogas

Geothermal

Solar energy
solar PV, CSP, solar
heating/cooling

Wind power

Hydropower
(small-scale)

Hydropower
(large-scale)

= 50,000 jobs

REN21

Jobs in Ren

TABLE 1. Estimated Direct and Indirect Jobs in Renewable Energy, by Country and Technology

World China

Solar PV
Liquid biofuels
R Wind power

Solar thermal
heating/cooling

Solid biomass?®®
Biogas

Hydropower
(small-scale)e

Geothermal
energy®°

CSP
Total

Hydropower
(large-scale)®

Total (including large-
scale hydropower)

Brazil

United

States India

Thousand jobs

233 164
299" 35
106 61

13 17

58
85

12

Japan

Germany

Total EUk




Our technology world in 1998

“950”
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Our technology world in 1998

¢t nuclear tests
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Our technology world in 1998

S

(0@
“Furby” — jifst domeSfic robot

Nobel Prize in ("rurigrr to Walter Kohn
for development of [DEREIFRInctional Theory (DFT)

'HI998 10,000 querlves/day G I
| APPIeul!anlnt:‘ooucec oog eG

Intel Penti
)
Paypa
PayPaI

a‘tpomdex

2018: 60,000,000 queries/day
& Or<about 10, 000 per 0.25 second!




Our technology world in 1998

“Zayra''fi r,stﬁ/ dulg gplaced in orblt

((?0‘
“Furby” — fit'st domeSfic robot
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1998: - Megaplxel camera and 32 MB music

wifi (1997-199° mdex

..0 Ilgzl-(l)ollywood movie 2018: 12-20 Megaplxel camera
AR and 512 GB music
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Our technology world in 1998

“950”
India &

! 1998:8 MB

Intel Penti

T D \ heory (DFT)

wifi (1997-1999)

- 2018: 512 MB — 2 TB

tuinded S e e
Dark energz'§$mologlcal constant real



Our technology world in 1998

India & Paklstan ton Uct nuclear tests

1998: “Furby” —
Nobe Simple mechanical movements
for developSpoke “Furbish” language that
evolved to simple English words

2018: “Roomba” “China Rosef’°d”‘:ed |Wiﬂover time

“Learned’?

ifi (1997-1 :
wifi Robot value: Entertainment

)

Reverses. EIH s “biggest blunder”
Dark energy: @smologlcal constant real




Our technology world in 1998

0‘;;:;'
2018: Alpha Il e yTsm sates at
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Other world events in 1998

William Clinton  Oscar
President of U.S. “Titanie™

oA JNew ou suezhoq @

“N;o'Matter What”
Sinto-muito ...

GOLD Cup

Pors‘ghle I'_‘hda' : - BRAZ1IL 0
(1909-1998)  (1941-1998) USA
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Wind Energy

GLOBAL CUMULATIVE OFFSHORE WIND CAPACITY IN 2017

FIGURE 34. Wind Power Global C
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UNIVERSAL-INTERNATIONAL NEWS

NEW MOON
Reds Launch First
Space Satellite
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World PV Shipments 2001-2017: Where we are
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= Seminario de Troca de Conhencimentos

Geracao Solar Fotovoltaica \\,\\//

= ___ Y

Florianopolis - SC - Brasil - 09 de Novembro de 2018

Obijectives

* Explore the history of this PV technology
* Establish where we are today

* Examine where we expect to be in the future



World PV Shipments 2006-2017: Where we are

Installed PV (GW)

300

3

100

Cumulative PV Installed (2006-2017)

Europe

Americas
Bl Viddie East and Africa
. Asia

China
. Rest of World

378 GW

2007 2008 2009 2013
Year

2015

2017

2% growth

69,461

50,877
39,397 ' |
16 17

14 "5

94 Gigawatts
in I-year!



Arguments for Thin-Film PV
® Semiconductors
Direct bandgap: more-efficient light absorbers
Thinner layers required to absorb sunlight—better materials utilization

Semiconductor bandgaps well-matched to solar spectrum
and some tunability

Diversity of semiconductors
Diversity of device structures



Arguments for Thin-Film PV

® Semiconductors
Direct bandgap: more-efficient light absorbers

better materials utilization
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Arguments for Thin-Film PV

® Semiconductors

Direct bandgap: more-efficient light absorbers
Thinner layers required to absorb sunlight—better materials utilization
Semiconductor bandgaps well-matched to solar spectrum

and some tunability
Diversity of semiconductors
Diversity of device structures
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Arguments for Thin-Film PV
® Semiconductors
Direct bandgap: more-efficient light absorbers
Thinner layers required to absorb sunlight—better materials utilization

Semiconductor bandgaps well-matched to solar spectrum
and some tunability
Diversity ofsemiconductors CI’YSta”ine Si Modules Thin-Filmn Modules

Diversity of device structures
Polysilicon Sorting Deposit Base Electrode Cut Interconnect

o Fewe r P rocessli ng Ste P S Polysilicon Type Check Phosphorus Diffusion Circuit Assembly Cut Isolation Scribe Deposit Window

CIRCUIT
Polysilicon Etch (leaning Etch Deposit Precursors CutIsolation Scribe

Crystal Growing Laminate Assembly Absorber Formation Attach Leads

Ingot Shaping Plasma Etch Lamination Junction Formation IV Test

Ingot Sizing AR Coating Module Assembly CIRCUIT
INGOT
| FrontPrint | EL-IV Tests Lamination
MODULE
Module Assembly
Wire Saw Cutting Electrical Tests

(leaning Cell Tests
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Artificial intelligence (Al) (also called “machine learning”) is
an area of computer science that emphasizes the creation of
intelligent machines or operations that work and react like
humans. Some of the activities for which computers with
artificial intelligence are designed include:

* Speech recognition
* Learning

* Planning

* Problem solving

* Design



WHAT IS MACHINE
LEARNING?

Machine learning, by definition, is any technology
that uses algorithms to try to create repeatable re-
sults. When you talk about machine learning, you're
talking about machine learning algorithms, no mat-
ter what form they may take.

Another way to put this is that the algorithms allow

the machine to learn from its operations. The pro-

cess is iterative — as the machine runs, it works on
O new sets of data to provide insights.

Much of what the algorithms do involves extrapolating from available data. Es-
sentially, the algorithms are taking in that available data and parsing it, evaluat-
ing it and comparing different data pieces to come up with results.
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Stay alert, Sherlock Holmes. The

Center for Inverse Design is “afoot”

The Center (CID)—an Office of
Science Energy Frontier Research
Center—is in hot pursuit of new

materials with extraordinary
properties. And under CID’s
magnifying glass is the vast materials
space containing the promising
A,BX, spinel metal-chalcogenide and

ABX half-Heusler tetrahedral
compounds, which have great
potential for solar-cell and other
electronic and optical applications.

Curiously and unexpectedly, when

CID researchers turned to the highly

respected compilations of

documented inorganic compounds,

they found that most families of these
interesting materials were missing!

[0 Were they not feasible
thermodynamically?

[ Or were they simply impossible to

synthesize?

0 Or were they somehow overlooked

by those meticulous
encyclopedias amassed
by Inorganic Crystal
Structure Database,
Bergerhoff and Brown,
the International Centre
for Diffraction Data
Power Diffraction Files,
and Wyckoff?

For example, in examining
the A,BX, spinel
compounds, there are 684
possible combinations of
elements that may be
tabulated. Yet, only 255
combinations have been
reported. For the 714 ABX
compounds, only 226 are
in the literature. The
mystery is: What happened
fo the missing 429 spinels
and the 488 half-Heuslers?

A atom

Cu
Ni
Co
Fe
Mn
Cr
\
Ti
Sc
Sn
In
Ga
Al

High-throughput inverse-design calculations

“In solving a problem of this
sort, the grand thing is to
be able to reason
backward.” (A Study in
Scarlet, 1887)

the CID inverse design
partners—from the Nationa
Renewable Energy
Laboratory (NREL),
University of

Colorado— Boulder,

Northwestern al* [EAT
University, Oregon » e
State University, and SLAC “When you &:{ C
National Accelerator Laboratory. have eliminated (- c &
First, the theory specialists followed the impossible, whatever IMA]* [GA]+

the CID-developed inverse design
methodology: consider design
principles that relate to materials
being possible because of their
thermodynamic stability. Can inverse
design find some evidence for the
existence of these missing materials?

remainSjhowever improbable, must

2 (sign of the Four, The most famous halide perovskite is MAPDI,. Our target is to design
other materials with comparable performance &

V,Si0, = stable ¢ Materlals
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The Mystery of the Missing Mg

Stay alert, Sherlock Holmes. The
Center for Inverse Design is “afoot

The Center (CID)—an Office of
Science Energy Frontier Research
Center—is in hot pursuit of new
materials with extraordinary
properties. And under CID’s
magnifying glass is the vast materials
space containing the promising
A,BX, spinel metal-chalcogenide and
ABX half-Heusler tetrahedral
compounds, which have great
potential for solar-cell and other
electronic and optical applications.

]

Curiously and unexpectedly, when

CID researchers turned to the highly

respected compilations of

documented inorganic compounds,

they found that most families of these

interesting materials were missing!

[J Were they not feasible
thermodynamically?

[ Or were they simply impossible to
synthesize?

[ Or were they somehow overlooked
by those meticulous

arials

“In solving a problem of this
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Colorado— Boulder,

Northwestern

University, Oregon

State University, and SLAC
National Accelerator Laboratory.
First, the theory specialists followed
the CID-developed inverse design
methodology: consider design
principles that relate to materials
being possible because of their
thermodynamic stability. Can inverse
design find some evidence for the
existence of these missing materials?
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material that should be stable
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Materials Design with
Artificial |nte||igence Inverse Design High-Throughput Calculations

‘ Semiconductor Alloy Theory from First Principals (QM) \

Properties Properties

Community
Experimental Working
Group (CEWG)

A

¥
TARGET
MILESTONE 3
Validated
“Best-of-
Class”
Alloys

Artificial Intelligence “learns” and “adapts”




Varieties of Perovskites

Methyl-ammonium lead halide [(MA)PbX;]

(MA)Gels
(MA)Snl3 vi

(MA)Pbl?) Thermodynamic stability of AM"Y X3" hybrid halide perovskites

Oxide-Perovskites

ABO;
A,BO,

“Materials-by-Design” Res
—B- ASnBr,
—4— ASnCl,

Stability?
Chlorides and bromides are

more stable to decomposition
than iodides.

Sn more stable than Pb for B e
“MAH Or ‘(DA”




Example: Materials by Design Not your father’s materials science anymore!

Materials by Inverse Design w
Conventional Approach -

Electronic
structure

Atomic
confhguration

“Edisonian Approach” - Conventional trial-by-error science

“Materials-by-Design” - Inverse process: Define desired materials functionalities

and work backward to computationally define (determine)
best-of-class materials



Innovation, Artificial Intelligence and Robotics ...
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At the same time ... Phys Rev. 96, 533 (1954).
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SALINE WATER STILLS

In many dry desert a
brackish waters. If the

as of the world there is an abundant supply of saline or
upplies could be converted cheaply into fresh water, waste

land areas could be made habitable. The solar distillers developed to date can be,
and are, used where fresh water is needed for human or industrial consumption. In
most of the stills in this section, water is evaporated from a thin water layer on a
blackened surface surrounded by transparent walls on which condensation takes place.

\
J

; have been pub-
yus skin effect in
1 which the elec-
ared to the skin

Tilted Solar Still G}. Two-Cylinder Glass Solar Still gnetic field, and
Tilted stills are able to collect more solar radiation This still was developed by Everett D. Howe at the is not properly
];'r uInit ::inl-:x th\nln hor;zo]:ﬂul units. [én;\;-)rsi;y sf C:lnjlifnrnia in ]icxge]lc}v. Under these cir-
eveloped by: Maria Telkes Exhibited by: University of California . ha .
New York University Berkeley, California in the metal no
New York, N. Y. the skin-depth
For the Saline Water Conversion Program of the ~ G5. Still for Farm Use ce of the metal.
United States Department of the Interior. This sti.H was designed by F. A, Brm{ks and Hnrul'd rption of energy
! D. chwm of the I).epar!ment of A'gnvlfltuml Engi- wre specularly or
Two Plastic Stills neering of the University of California. £ tl -1 |
These stills illustrate the possible use of inexpensive Exhibited by: University of California e 1C5MCER -
plastics to reduce costs. Dayvis, California [requency region
Develaped: byié fraction p of the
Deve Olll.d by t G6. SOMOR Still are diff / 1y
Bjorksten Research Laboratories, Inc. S %A i : are diffusely re-
adi i Exhibited by: Societa Motori Recuperi (SOMOR) L . .
Madison, Wisconsin ¥ e Thake ivity for normal
For the Saline Water Conversion Program of the i i
United States Department of the Interior. G7. Bolar Fosstais
= o Built by: F. A. Bonaventura and D. E. Plympton 30
Life Raft Still San Diego, California 1—p g (1)
These stills were developed during World War II 4 )
SO I AR Ii N‘ :IN I ' by Dr. Maria Telkes, and are now often supplied G8. Description of Saline Water Conversion Programs
with raft equipment (panels) "
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United States Dept. of the Interior
Washington, D. C

PHOTOVOLTAIC CONVERTERS

Various laboratories have recently developed photovoltaic materials capable of con-
verting a substantial percentage, sometimes as much as 10 percent of the incident
solar energy directly into electricity! These converters have been named “solar bat-
teries” and have received considerable attention in recent years.
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owered by electrical current gen-
the silicon solar battery when

adiation.

| Telephone Laboratories
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n Process

rates zone melting, a step in the

. Display of Commercial Silicon Solar Batteries
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Cadmium Sulfide Solar Battery
A different photovoltaic material, cadmium sulfide
(instead of silicon) has been used in this solar
battery.

Developed by: Wright Air Development Center
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