








Unit:
Quadrillion
Btu

Coal

Oil

Natural gas

Nuclear

Other

Total

1 quad. Btu=2.93x10'*kWh=1.055x10%8 J

«10Q=2.93x10%* kWh=1.055x10%! J (=1000 grad. Btu)
<\World Annual Primary Energy Consumption=0.481Q,
in 2006

http://www.eia.gov/forecasts/ieo/index.cfm
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Figure 1. World energy consumption, 1990-2035
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Annual electricity net generation in the world

Source of Electricity (World total year 2008)
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http://en.wikipedia.org/wiki/Electricity_generation




Energy Source

Recoverable Reserve (Q)

Coal
Oil
Natural Gas

25.2
7.72
6.62

50
64

Fission
Fusion

8.5-674
Enough for several millions years

20-1549

Geothermal

o6

133

Hydropower

0.07/year

Biological

0.013/year

Wind

51/year (1700TW)
0.54-5.1/year extractable

Solar

5160/year
1100 usable for land-based conversion

Would Energy Council: 2004 Survey of Energy Resourcest
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Thermo Power | Hydropower
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"% Nuclear Power




Sources generating electricity in US

2009 U5, Electricity Generation by Source

ke
Roripaabies __.-I'I"'-"I-r'ﬂ'!EI.II'n
Hydroeleotric ot v o 1.0%
1 &% . .

Cavverielinnal

b9%

http://www.eia.doe.gov/cneaf/electricity/epm/tablel 1.html




S
S
o
=
(&
<




Danlsl Baltra GREEH?EH

irds affected b




NEGELMNE

- Loss of tand

e o B e o N >
Hydro Turbine System - Fish Passage Tssiues . ad Merowe Dam

- -5 . <,

RELOCATION

-Destroy upstream forests grasslands etc

-Methane emission from these buried plants

(sometimes make larger greenhouse effects than same eIectr|C|ty from 0|I*) -
e~ . AR

* New Scientist http://www.newscientist.com/article/dn7046-hydroelectric-powers-dirty-secret-revealed.html




The worst nuclear accident
since the Chernobyl explosion
in 1986 is unfolding in
northem Japan at the

Fukushima Dai'ﬁii_ power

plant. Reag?f 1,2and 3
are in criticgf stages.
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Total power

consumption:

15 TW

Electricity

generation

capacity:
5TW

Average up-
time 12
hours/day,
generating
2.13x1013
kW.h/year

PV facility Average up-time 4-6
hours/day

PV facility capacity: 30 TW in mid-
215t Century

Able to generate upto 4.5x1013
kW.h/year

= Assuming 30 years life time,
It requires 1 TW/year
Installation for 30 years

s Afterwards, it reaches steady
state
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<5160 Q/year to Earth
«]100 Q usable for land-based conversion

<\\orld annual primary energy consumption (2008),
= 0.505 Q, 40% of which generating electricity.

= |n 2010, a total of 2.13x103 kW.h electricity were
generated, which is 0.0727 Q

=~0.5% globe land surface required for PV
Installation, using conversion efficiency 15%
(0.485Q solar energy Is required)

=—(0.28% electricity at 2010




Solar Land Area Requirements
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Solar Radiation has a low energy density




China: 4141.3 billion kWh (19.4%);
World: 21325.1 billion kWh

Source: EIA refer to the attachment, EIA= Energy Information Administration

China: 9,640,821 km?2 (6.5%);
World: 148,939,063 km2 (100%)

Source: wikipedia
http://en.wikipedia.org/wiki/List of countries and outlying territories by area

Total Area required (225 kWh/m2.yr @15% of insolation
1500kWh/m?2.yr ):

A=41413%x10°% =225 = 18406 km?







kW.h/

£

2800-3300

1850-2300

3000-3300

1600-1850

2200-3000

1400-1600

1400-2200

1160-1400

1000-1400

930-1160
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Yearly sum of global irradiance

2'500 kWh / m2

2'000

1'500

1'000

500

Source: Meteonorm 6.0 (www.meteonorm.com); uncertainty 10%
Period: 1981 - 2000; grid cell size: 1°

June 2008
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Comparison

Biomass Energy Potential

Global: Top Down

Requires Large Areas Because Inetficient (0.3%)
3 TW requires = 600 million hectares = 6x101* m?
20 TW requires = 4x1013 m?

Total land area of earth: 1.3x10'* m’

Hence requires 4/13 = 31% of total land area

Nathan S. Lewis, California Institute of Technology
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Single crystalline silicon (c-Si)

Polycrystalline silicon (c-Si)

Amorphous silicon (a-Si:H)

Cadmium telluride (CdTe)
Copper indium gallium selenide (CIGS)

Organic PV, Sensitized cells,

Gallium arsenide tandem solar cells , etc




Type of cell

Efficiency (%)

Cell

Module

Pros

Cons

Application

c-Si

25

10
18.8

High efficiency, long
lifetime,
mature industry

High cost, high energy
consumption
bottleneck in raw materials

supply

Solar farm,
rooftop

Poly-Si

9 17.2

Mature industry

High cost complex
fabrication

Solar farm,
rooftop

Low cost,
commercialized

Low efficiency decay

Solar farm, rooftop, BIPV

High efficiency low
cost

Complex fabrication, scale-up
production, stabilized yield, In
reserve

Solar farm, rooftop, BIPV

Low cost,
simple fabrication

Toxicity, Te reserve

Solar farm, rooftop, BIPV
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Courtesy: G. Conibeer, UNSW




Behind-the-Meter PV

O Capacity-Weighted Average
= Simple Average +/-5id. Dev.

Installed Cost (2010%/Wpc)

$11.0 $1'I].3] 3 511].{1 $9.9| |s8.7

S g g S

1 1

$7.9 $7.9

1898 1999 2000 2001 2002 2003

2004 2005 2006 2007 2008 2009 2010

Installation Year

B Global Module Price Index
3 Implied Non-Module Cost(plus module costlag)
Total Installed Cost (Behind-the-Meter PY)

Capacity-Weighted Average
Installed Cost (20105/Wpc)

1908 1999 2000 2001 2002 2003
Tracking the Sun IV

2004 2005 2006 2007 2008 2009 2010

Installation Year
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5.5-6.0 Yuan/Wp

i Fek 4 1 B AR

~$0.8USD/Wp

a-Si HIF %

5-6 Yuan/Wp

a-Si 2014 A~

$0.6 USD/Wp

LS-PV A G #%

10-12 Yuan/Wp

TR RFEN

About 12 Yuan/Wp

R B W R L12TT, FHR
1500/ )

1.0Yuan/kKWh (IRR = 8%)

Courtesy: Wang Sicheng, Energy Research Institute, NDRC




e Cheap?
 Enough Space for Installation?

PV system has 25 yrs lifetime
In 25 years (BB % @5%rate increase)
B,%%: RMB 114,552 — 171,828

&R FFERMB36,000
e Water BFEMNPHIBEE ,

: 'I!Illﬁfrigerﬂnr 13% - %gmj:ﬁﬁ@S%@ j:ﬁ

T 8% { S H£RMB1.00/kWh, A] X114 £ %%

S HERMBO0.66/kWh, 7] X 164 £ %%

«15% conversion,
=4.1 kWh/m? -day radiation from Sun (1500kWh/m? - yr)
=0.615 kWh/m? day, — 16 m 2or 2.4 KW/,

. SI PV system on market:15 /Wp - 36,000 - 10-15




http://en.wikipedia.org/wiki/Electricity_pricing

Ceniogy |5/t
Territory

Argentina 05.74
Australia 19.67 to 28.88

ium 29.06
34.18
10.78
23.11

e

m F
=

Q) | |=
N =

Canada
Chile
China
roatia 17.55
40.38
07.62
20.65
19.39

36.48

Denmark

Finland
France
German

Hong Kong
(HK 1s.)

Hunga 23.44
03.93
02.00 to 19.00
28.36
12.34
28.39
07.35 to 16.80
15.40
07.42

11.11

Iceland

Ireland

Jamaica

Latvia
Malaysia

Croatia |
oy |

Moldova
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2006

2011

20111101November 1, 2011
20110101January 1, 2011
20110101January 1, 2011

20110101January 1, 2011

20080701July 1, 2008
20111101November 1, 2011
2011

20111101November 1, 2011
20111101November 1, 2011

20111101November 1, 2011

20111101November 1, 2011
20120101January 1, 2012
20110701July 1, 2011
20111101November 1, 2011
20120101January 1, 2012
20111101November 1, 2011
20110601June 1, 2011
20111101November 1, 2011
20071201December 1, 2007

20110401April 1, 2011

Netherland 20111101November 1,
— |28.89
s 2011
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Pera 10.44
Philippines
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57.95

13.1
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Vietnam 06.20 to 10.01

20110506May 6, 2011
2007
20100301March 1, 2010

20111101November 1,
2011

20120101January 1, 2012

20120101January 1, 2012

20080701July 1, 2008

20120101January 1, 2012

20111101November 1,
2011

200810010ctober 1, 2008

20110305March 5, 2011

20110601June 1, 2011

20110701July 1, 2011

20111101November 1,
2011

2011

20110218February 18,
2011

2011

2011




MK EBRIEIE RS

EAXRR BB ATHON, AIEEE, [

HI A A A E

o UEZFAXRFELMEXARFUHIRELTEREZL , AN
RELAF T ZRIBIFR T o

PLE? . B RERGHER L,










Vehicles

=) =
i g m
- e




Airplane

2010 7HBHER , "ARE=" EEXET =
| kfTin  EEWEEIENG £, =eliE 26/
TOS M- al# kiTic T |, XR LA HlSg
HafE. TTEERSHHRER




Houses

L) e Ay S MR
e l -ww.aelc._a!aska. qfsalngLEEP

il e

S

e
N EEmzats B

J




>
A
af
=
LL
=
L
—




Solar Power Plants

Solar power plant, Toledo province, Castile-La Mancha, Spain
B27-423831 age fotostock Rights Managed Photograph
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Solar Cell Structure

Transparent

- i - Current
adhesive Antireflection Eiont contack B

.\, 5

Back contact and cover

_"-WPE _P-WP'E
semiconductor semiconductor

Power out (W) x 100%
Solar cell efficiency (%) =

Area (m2) x 1000 W/m?

10% efficiency = 100 W/m? or 10 W/ft?



Figure 1. Energy Payback for PV Systems

g
Z Multicrystalline, recent &
% | |

= | Thin-film, recent

o

1= I I

E Multicrystalline, anticipated aystem Compaonents

E M Balance of system

= Thin il | B Frame

= in-film,

,@ anticipated - Mnfme

]
0.0 0.5 1.0 1.5 2.0 2.9 3.0 3.9 4.0

Years
Reaping the emvironmental benefits of solar enangy requires span __
make the PV sysfem. But as this graphic shows, the investment is 2.7
30-year system [ife, PV systems will prowide a nef gain of 26 o 2!
fion-free and gresenhouse-gas-free electiical generafion. 1
1.3
http://www.renewable-energy- <1

sources.com/2008/04/16/photovoltaic-energy-payback-time




Greenhouse gases

(arams per kilowatt-hour Cod I
of GO, equivalent)

Ol R, 0
Gas combined-cycle [N

Biomass [ 4

Multi-crystaline siicon [ ¥
Photovoltaics [ ciGs |
8

European Photovoltaic Industry Association







PV Terminology
Cells Modules Airays

*Includes storage, voltage regulation, inverters, efc.

Simple DC System Line Tie or Utility Interface

T

Batterv bark
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1 g_lvli.izsm\elctrum [ 1AM1.5 spectrum
B si (1.12 eV) I GalnP (1.70 eV)

Thermalization losses [ GalnAs (1.18 eV)
I Ge (0.67 eV)

]

2
2

Energy that can be
used by a Si solar cell

Transmission losses

£
=3
)

o

c

8

S

@

=

T

=
3]
9]
o3
n

Spectral irradiance [W/m

500 1000 1500 2000 2500

500 1000 1500 2000 2500
Wavelength [nm]

Wavelength [nm]

Detailed-balance efficiency limit (terrestrial):

= Single junction: at E; = 1. 3 eV (Shockley and Queisser)
best ~ 25% (GaAs and Si)

=  Multi-junction: (best three junction ~ 34%)

= Multi-exciton generation (QE > 1): 41% (device?)




Future Generation PV Technologies

* Opportunities for innovation — ultra
low cost, ultra high efficiencies, new 3[ 1
materials, new device physics -

- Nanoparticle precursors

- Exciton cells (dye, polymer, nrganic1v'T
small molecules, efc.) -

- Quantum dots, hot-carrier, impu
band cells ____ i

Ideal Structure

L
= 0ol T O s

glass plectiode
P merrar

Elaciralyia witn
"bdwr:l!“ or
7 K

TiCks with
ansotbad dyo
TCO glass




TiO, particles coated
with dye molecules

e Charge transfer without p-n
junction

eDye as absorber
* Nanopatrticles as electrode

* |/l;” electrolyte used as
counter electrode

» Record efficiency 12.3%

Electrolyte

/'\
! K_/
_/

= Counter Electrode




RA-PIHT

o

T

Polyethylene terephthalate
Indium Tin Oxide

Poly(3,4-ethylenedioxythiophene)

Aluminium

Al
Semiconducting polymer
LT

Donating
semiconductor Record efficiency: 6.77%

(Dec. 2009)

q'““-._L_‘

Semiconducting Blectron Accepting
pohmer acceptor semiconductor




To make use of more photons in the solar spectrum

D‘H qﬁb‘ \bnE Tandem

Intermediate band

Tandem Solar Cell (63.7%)

g-GalnP

- p-AlGslmP 0
Tosrwied janetion
Middle cell windew
1-Gakls

+—-Gahs

-GalnP
Torwsesl junetion

n-Gaks butler
Weclestion

Tutermnediate Bund e 7 .y - T 3z . .

2 “

' | p-Co substrate
Valenee Band _—

Caonduction Band
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Best Research-Cell Efficiencies
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NREL/PR-520-44106

Presented at the Association of Industrial Metallizers, Coaters and Laminators (AIMCAL) Fall

Technical Conference 2008 and 22nd International Vacuum Web Coating Conference held October
19-22, 2008 in Myrtle Beach, South Carolina.




e MgF, — Thermal Evaporation
D — RF Sputtering

~ Co-evaporation;
Sputtering & Selenization;
Non Vacuum Methods

Mo — DC Sputtering




, Record setting technology
, Technology for industrialization

Imported equipment cost: 30-50% of total cost

___Appropriate manufacture technology in China
___1/2 -1/3 of equipment cost if made in China




Brief History Photovoltaic Solar Cells

Silicon

Discovery of photoelectric effect

Edmund Becquerel
15t c-silicon solar cell

1st commercial silicon
module

c-silicon solar cell

c-silicon solar cell

poly c-silicon solar cell

CulnSe, single crystal solar cell

Thin film CulnSe, solar cell

15t commercial Cu(In,Ga)Se,
module

Thin film Cu(In,Ga)Se, solar cell

Design of equipment

CIGS PV Program started

Thin film CIGS solar cell

Thin film CIGS solar cell




CIGS Solar Cell Growth Equipment in CUHK







CIGS solar cell with Ni/Al grid on top CIGS 10cm >< 10cm solar module




AM 1.5 Spectrum

w
o

Vv, =662.7mV
J_=34.56mA/cm’

FF=74.35%
Efficiency=17.03%

Current density (mA/cmz)
= S

T

. -*..T.—‘ d

100 200 300 400 500 600 700
Voltage (mV)

Champion small solar cell:

AM1.5 spectrum

18 cells: 0.5cmX9.1cm
Total area 81.9cm’

v =11.7V

I_=140mA

FF=62.9%
Efficiency=12.6%

Voltage (V)

Champion solar mini-module: 10cmx=10cm (non-gridded)




10cm>=<10cm 40cm>=<60cm 60cm>=<120cm




%
=
%
=







Thank you




