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Global Market Outlook for PV until 2015, EPIA ( ), 2011, KOPIA
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1996-2010 (in GW)

GW .
Total investment
» in renewable energy technologies
= $243 billion in 2010.
40 i
Al - 381 GW
30 i
= 9 (Wind) 193
20 i
421 (Small Hydro) 80
H}0| 2,4|2]| =(Biomass, Waste) -
10 EN2Z (PV) _
2 X2 (Nuclear)
® MycLE ScHNEIDER CONSULTING
<10 -

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
World Watch Institute, The World Nuclear Industry Status Report 2010-2011. A8k 2011. 4. 18
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—3— ::E o 50
0 2010 122 spot
2008 2009 2010 2011 2012 A+ $1.40/W
25 :$1.74/W
—  Small Systems (SW) Wafers (SW)
Crystalline Modules ($W)  «— Silicon ($/kg, Contracts)
v Crystalline Cells (SW) Silicon ($/kg, Spot)

PV Magazine, April 2010. RenewableEnergyWorld.com /
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Solar PV 2015 4 - 1
Solar PV 2010 B 10-15
Solar PV 2006 M 20 - 25
Coal | | , ,
r M. Rogol, Photon Consulting, April 2007
Nuclear 26
95 - DI Z LA SA! (HH| 2~3 t 04 DI}
Wind 48 . A = iI
-  XSHo ZHA S R
oll . e - j
0 5 10 15 20 25 30
WO (cents/kWh)
Large hydro Plant size: 10 MW-18,000 MW 3-5
Small hydro Plant size: 1-10 MW 5-12
On-shore wind Turbine size: ~ 1.5-3.5 MW; Rotor diameter: 60-100 meters 5-9
Off-shore wind Turbine size: ~ 1.5-5 MW; Rotor diameter: 70-125 meters 10-20
Biomass power Plant size: 1-20 MW 5-12
Geothermal power Plant size: 1-100 MW;
Types: binary, single- and double-flash, natural steam 4-7

Solar PV (module) Efficiency: crystalline 12-19%; thin film 4-13% -
Solar PV (concentrating) Efficiency: 25% -
Rooftop solar PV Peak capacity: 2-5kWpeak 17-34
Utility-scale solar PV Peak capacity: 200 kW to 100 MW 15-30

Concentrating solar
thermal power (CSP)

—— A o
alrmm =L YIS0
b KOREA INSTITUTE OF ENERGY RESEARCH

Plant size:
Types:

50-500 MW (trough), 10-20 MW (tower)
trough, tower, dish

14-18 (trough)

REN21: Renewables 2011
Global Status Report.
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IEA/PVPS Trends report, 2009

60% -

On-grid

40% A

On-grid >> Off-grid
Off-grid

Total Installed PV Power (%)

0% -
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

No access to electricity : 16 &

Source: Strategies Unllmtted EPIA
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€0.10/ Wp €0.20/ Wp

[ [ ‘,r‘
80 1: Crystalline Siljeoh ]
70 - - . —
= o 2: Thin Fijlm$’
= ) B *® T
§ 50 - - ti:‘B'e‘yond Horizon €1.00/ Wp
S 40 »
w30 - -
...... €3.50/ Wp
300 400 500
Courtesy: M. Green,
UNSW

__~Ohmic contacts

AR coating
P-type cap

Quantum
dots

N-type cap
‘4~ Ohmic contact

Zotag
3rd Gen.
PV
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"inverted” pyramids

rear contact oxide
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Ei 22 Cost reduction potential

Example: multicrystalline silicon

~ 40-50%
........................... “Scaling”
Getting bigger
Svet S;'lf:v‘:l‘;'rt‘i’ Reducing unit costs “Technology Driven”
ystem . . .
- Invest Efficiency
~ 50-60% * Thickness
Module e o . Kerf loss
0,
Ehel | Longevity
* etc.
Cell
“Productivity”
Cost input
Water Yield
Poly-Si - Manufacturing excellence
Today's costs Cost reduction Potential cost Standardisation etc.
potential mid term
Q-Cells, Oct. 2009 15
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k=R ‘ « 158, Htat
Akt S| o BB AF RIE, P, AE WA
2] 2 B 2SI + 0T 283t < 50 um
S80I 255 « economy of scale

BHSAX 28 J12 2H < $ 0.5/W ($ 0.33/W)

OF (Si, I-IlI-VI, 11-VI, Organic..) &£ A& EHZ A X
Ve &, 824, 2l& 0ld, LEE > c-Si

<Pl

-5 < 2-3 um

N e N,
- MO AHE 25 (EPB <1.5 &, 7] 0.51)
- WO JIBIE 018 (R2, 24, E2tAg)

LI Photovoltaics Research Center
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TCO/Glass

Scribing of
pin Si-films

A, R4
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Scribing of
TCO

Deposition of Back —
Electrode Scribing of Electrode
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24 X Kl 1 C|GS OOk EHOI:I Il 0SS 10X |:||
=2o 2 | VS. =/ /M o J 1T B oo
o4 X Xl Al -1 8O
=dascE CGSR=E,
v v ¥ v
Polysilicon Chemical o Deposit base Cut o
Sorting Ftch Stringing Electrode Interconnect Lamination
Polysiilicon Phosphorus Circuit Deposit Module
Type check DIl 1sion Assembly Window Assembly
Polysilicon Cleaning J: Deposit
Etch Eich ClR* Ut Precursors IV Test
Crystal . . Absorber
L
Growing Oxidation Air;(;%aglev Formation Attach leads MODULE
Ingot Junction
Shaping Plasma Etch Lamination Formation IV Test
L |
Ingpt AR Coating Module
Sizing Assembly CIRCUT
INGOT _
Front Print IV Test
Moduling Rear Print MODULE
Wire Saw .
Cutting Fire Paste Ref. Shell Solar
Cleaning Cell Test
| |
WAFER CELL
i IO LI D01

s KORERA INSTITUTE OF ENERGY RESEARCH
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First Solar

Fully Integrated, Automated and Continuous Thin Film Process

In 2010, Module Manufacturing cost
GlassIn > <2.5Hours - Module Out . $ 0.73/W to $ 0.52~0.60/W in 2014

* 99% reduction in high-cost
semiconductor material

» Fully integrated, continuous
process vs. batch processing

e Large 60 x 120cm (2' x 4')
substrate vs. 6" wafers

Final
Assembly & }
Test

Semiconducto
r Deposition

Conventional Crystalline Silicon Batch Technology

Polysilicon Solar Cell Solar Module

. . 19
o110 — o101 First Solar, Jeju, Nov. 2009 _
- ,.@Q ML 2|=031 281 Photovoltaics Research Center

EA INSTITUTE OF ENERGY RESERRCH



Cost reduction potential

Example: Thin Film

~ 50-60%

System Grid parity
equivalent
~ 40-50%
Module

Cost reduction
potential

Today's costs

“Scaling”
Getting bigger

Reducing unit costs

Invest

Potential cost
mid term

Q-Cells, Oct. 2009

“Technology Driven”

* Efficiency
* etc.

ca. 54%

“Productivity”

Cost input
Yield
Manufacturing excellence
etc.
20
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Solar City Factory
-3S& H2:2.1-3.6GW
- =g 4| : 100 2ol
— Cost : $ 30 M(NRE)
+ 100 x $ 2.5 M/line = $ 280M
-5 NEB HEL]

Sl g, SO RHE/HEE,
AN MM, 25 W28, d=01=s

. ’ Cluster tool
L]

2 =:50.5/W -
AMAE TS 1/W
M.S. Keshner and R. Arya, Hewlett Packarad,
Palo Alto, California, NREL/SR-520-36846,
“Study of Potential Cost Reductions

Resulting from Super—Large—Scale
Manufacturing of PV Modules”, Oct. 2004

A
=5

EHZ &KXl AIAE MItet Jtsd

Basic pricing model for a 6 kW roof installation Price per watt
7% 11% 12%
a-S1 CdTe CulnGaSe;
Panel Price’’
Panel Cost
Substrate $.071 $.045 $ .041
Active layer
depreciation and operations $.065 $.034 $ .038
thin-film matenals (75% utilization)
amorphous silicon single junction $.005
CdTe single junction $.023
CulnGaSe; single junction $.083
Packaging of panels ready for installation $.161 $.103 $.094
Manufacturer’s gross margin (50%) $.300 $.210 $ .260
Total Panel Price per watt $.60 $.42 §.52
Installation Price’”
Power converter (wholesale cost, 225 v de in, 220 v ac out) $.120 $.120 $.120
AC wiring (220 volt, 30 amp, breaker, disconnect, conduit, 2 hrs labor) $ .027  $ .027 $.027
Installation (approx. 4 hours labor at $75 per hour) $.050 $.033 $.030
Retailer’s total gross margin (20%) $.200 $.150 $.180
Total Installation Price per watt $.40 $.33 $.36
Total price per watt at retail
or from a contractor (for an installed system on a sloped roof) S 1.00 $.75 S .88
Mounting pedestals (only required for flat roofs) $.050 $.033 $.030
Total price per watt at retail
or from a contractor (for an installed system on a flat roof) S1.05 §S.78 S.91

— o
afr AL ISP
b KOREA INSTITUTE OF ENERGY RESEARCH
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contac
a AR AR
Sunlight =
contac!
AR AR (Al)GainP Cell 1 2.0eV
cap b—— wide-Eqg tunnel junction=——
(Al)GalnP Cell 1 2.0 eV GalnP Cell 2 (low Eg)
— wide-Eq tunnel junction=—r 1.8 eV
—— wide-Eq tunnel junction=—
c AlGa(l Cell 2
Géia ln, P call (infAs Ce AlGa(In)As Cell 3
5 05 1.7 eV
A 1.6eV 1=
e S T LS S —
A Ga(ln)As Cell 3 .l A Ga(ln)As Cell 4 Al
- T Tunnel 1.41eV 1.41eV
33 l I l MAS :U-l | junct.ms — tunnel lunction tunnel junction
A GalnNAs Cell 4 A azal GalnNAs Cell 5 A e
1.1eV / 1.1
— lunnel junction — — tunnel Junction —]
A Ga(In)As buffer A A Ga(In)As buffer A A
|:H' E,l < L I . :;;1 ra ' ,:4 nucleation i
and cell ~ GeCell5 / v Geselll /
| — - J|)(!C.|1: cf;ntac.;‘-m l““‘“./ ;} : ”hﬂck contact .

5- and 6-Junction Cells (Spectrolab)

GaAs single : 29.1 % (0.05 cm?, 117 suns) : Fraunhofer ISE
Si single : 27.6 % (1.0 cm?, 92 suns) : Amonix Back Contact
GalnP/GaAs/InGaAs : 42.3 % (0.976 cm?, 406 suns) : Spire
GalnP/GaAs/Ge : 27.0 % (34 cm?, 10 suns) : Entech
GalnP/GaAs : 38.5 % ((0.202 cm?, 20 suns) : Du Pont
GalnAsP/GalnAs : 38.5 %

Progress in Photovoltaics, Vol. 18(5), Aug. 2010 (B8t &) 50
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SoIFocu, US |

' Semprius, NC, USA Moragan Solar, Canada

23
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TCO
ﬁ_ I"/I3" electrolytes

Dye

TiO5 nano-crystalline

(10~30nm)
thickness 10y m

P3HT:PC,,BM
PEDOT:PSS
iC

PCPDTBT:PCBM
PEDOT:PSS

24
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» Multi-bands cells, Intermediate bands

> Quantum well structure

» Up and down conversion of photon energy

» Electromagnetic antenna
» Auger excitation

» Extraction of hot carriers
» Thermophotonics

A feasible
Conduction band implementation
for the IBC
consist of using
quantum dots.
| , Since a QD is
i able to produce
and electron
-,:; . level within the

— ]

Ll host
Valence band semiconductor, a
QD superlattice

is expected to
roduce an IB.

Intermediate

e = OIL] ISR

Quantum

p-emitter

4

B dot
e

i | m-emitter

-’

Self-assembled
M InAs quantum dots
on GaAs

25
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rSK=1
@ sc-Si
Omc-Si
OCdTe

= 0|

"a-Si . || SOEH R X
« 2009 16.8 %

mCIS | 421 48.2 107 51.6 1% 841 o ) 47.'74*3':’552"'F «2010= 11.9 %
| T 184 7 | | cdTe 5.3%

mribbon/s Si 5.0%
heet Si CIGS 1.6%

| | L I L | | | |

Photon Int'l, March 2011
T o Wt e s e |t Photovoltaics Research Center
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HYHX B 2D HBSS (%), FEE

Ad/HE | BE (20104
2 S8 A A 3 ¢ H3CH
S22 (%)| (%) |&dss
24.2 214 | 33.2% | J|l= A=, U1 Mt
AT A A
19.3 17.6 | 54.9% | HIZXJI H|&, KM g3
HuA NI, K94, 3
11.7 104 | 5.0% | _ L _
S8 %0, =29 g3}
HR® NS58, 3
12.5 10.9 5.3%
Cd HEZ, Te XA S&&
188, 8d, 3 A4
16.7 15.7 1.6% | 1Jt 24, Si Uid] 3 &5
In, Ga & A& & st
XTHEA XD
SO, st 2
A Dl OlE=s
8.3 3.9 O | axy =orm 4
GaAs 27.6% GaAs 29.1% (117 suns)
GalnP/GaAs 32.6% (1026 suns)
GalnP/GaAs/Ge 32.0% InGaP/GaAs/InGaAs 42.3% (406 suns) 7
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Best Research-Cell Efficiencies (NREL, 2011. 04.

\
MZItijunction Concentrators

Thin-Film Technologies Spectrolab Fraunhofer ISE ing- Jlm
| W Three-junction (2-terminal, monolithic) @ Cu(In,Ga)Se; (metamorphic, 299x) | (metamorphic, 454X) Spectrolab (lattice matched
A Two-junction (2-terminal, monolithic) o CdTe (lamggatdied. Spire  418x)
Single-Junction GaAs o Amorphous Si:H (stabilized) . . % Semiconductor /
[ A ;I:Iirlll?'nr(r:'llig::o-‘o‘l)o!yfllall'ne mmgf?g? ?oemg-slpfm?
Ul |
@%nc;nb'ator Emergijng PV o o EH
- In film i ) : —
c ine Si C o Dye-sensitized cells Hl(:'v =] 4= FRre= : N,ﬁg';mf " xXIZ
rystalline Si Cells , : Boeing- S
i ® Organic cells Boeing- ing 325.7x) Shamp
® Single crystal s Spectrolab (IMM, 1-sun)
— O Multicrystaline R [‘”‘"‘“"“?‘EC g NREL (inverted, -
® Thick Si film ket 80@?”'0 ;ets : NREL/ metanarptc s, =
@ Silicon Heterostructures (HIT) R o Japan  Spectrolab e —a FHGSE
— Enel — IES-UPM
_ Varian e - Spectrolab Ral?b-wd (1026x) ‘Alta
Varian (216x) (4.0 cm2, 1-sun) g FhG-ISE AL Devices
B EOAA  NReL g OO N GEg A
e eirs e
em a0 T KOPINA 2 e mmm——mmm = Z4XT S~ Radboud FhG-ISE
- (T.J. ... R © Si %, Radboud
Research Center) e S Cu(In,Ga)Se; Sa
Ly Stanford UNSW/  (14) Sanyo ks Si
. Georgia Eurosolare N
— Georgia Tech
Tach RIGS
T dT Sharp
- University A e (large-area)
_ No. Carolina So. Florida troPower _ # Stuttgart () United Solar
Mobil State Univ. ARCO "\ NREL (smal-area) L &5 pmthin-  NREL (ﬁncsmcsal:l
Sotar Boeing 0%k Solarex "/ NRELEWO-CIS United Solar 7 ransfer) (CdTe/CiS)
= i i O— IBM
X O CTZSS;
Matsushita , United o a2z7te Sharp ; © ;
B Kodak  Boeing Solar & oo Konarka
3 N
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‘-\Universily EPFL 'IEI’OZTLG\E
— of Maine \
University Linz
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PV R&D Roadmap (PV2030+)

2002 2007 2010

2017 2020

2025 2030

2050

~ 50 Yen/kWh

‘£ 30 Yen/kWh

31I

o [@suﬁm&cs=4

ﬁl”“':'* OtLlet
X}E%" AI*E"EE

HENSH FES
Z=Xl &= HEMS,
BEMS K|S AIAH,
IS S ME2
EES20IZ =i

~ || 2aum sy s
) St AT b A| A El 22 del, 220
— & 2258 (40%)
KJ OF M K| JHEL
il @mg
Jl&el MTH A of
o/st DA,
Tl stol A 7 Yen/kWh
v ) 0| et
ATH2-PE LK !
AEADIOHE 22) 2010 ~ 2020 A 2020 (2017) 2030 (2025) 2050
SR S} IEE d™ IS Ao ME IS HE MJA OIS HE M3 0|8t
(23%1/kWh) (1421/kWh) (791/kWh) (79/kWh 0] BH)
DE HssE AR DS 16% AR DS 20% AR DS 25 2158 2
(21 =) (G2 & 20%) (S M 25%) (S A 30%) 40%
IULHAIE M ALZF (GWIST) 0.5~1 2~3 6~12 25 ~ 35
el AR 25 (GW/H) ~1 ~3 30 ~ 35 ~ 300
S Fe(ch=, I E) oI 25 Hb
=28c XS, 2R ToEPER) | zzag ayee polg exs
’ SSAE, AR I ER = col =M

cfne =L YIS
s KOREA INSTITUTE OF ENERGY RESEARCH

Source:

NEDO PV R&D Roadmap (P\

20:0+) (2009)
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e DEO NS5, NIIAS - DMAN 2F, AL
Hl;fpﬂ SHOIEHLS 28):

=TT 7501/W(20174), 5021/W(2025'), 5091 0] 5HW(2017 1)

2s JIZE LRI IS HAl (XS ZHE Si, Wide HEHO| AR, [HE

= DHSs  FE, 0ZHE HAEX SO N
NS

2s DE X, QE HEo AE
AQ A | SE(J|2IHLS 22): £ 2514(20174), 3014(20254) , 401 (2030)
AT 2H DT AZR B3|, A2 ACH H2 (3gIW)
(S D] A2I2 A2 H2H(Y0IHO HI &4 100um), 5| A22 O 2

LI A 8tAH (423 NS85 MRS IT Jls S8 35
DYACIHY SEQOI2HL 22)
2017 RIZSH}F 15001/W, &2 20 0| A (2EZ DS 210])
FAD = Hd 2k FACHSE Al A Xt
Al A &l orr s ’é—:o i&ﬂ ek RAAHE AS MK
PHRL Lxoa SHO|aHL &42)
TEAIE 1 20173 RIEEHIE10,0009/kWh, 22 204 0] A (2Z D& 210])
HXZAF |
N & XH (~ 20091/W) 2] 1/3 ~ 1/2
ZHON 2 H
3
ainm— LI =0 Photovoltaics Research Center
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EPIA, GP, 2010

300 — 5000
{ 4000 o ARSI ENQUYY 7|S2 MR XA H
2 1 3000 - 20104 $ 450 AR (HEE > 50%)
1 2000 - 20158 o @ 2|8t E X AR =2
| | 1000 - 21N 7] AU XA =&
0 0 (2030 Al%} 4,540 & 2)

2010 2020 2030

German Advisory Council on Global Change, 2003

EJ/a
mm geothermal

otherrenewables 1400
solarthermal (heat only)
solarpower(PV and
solarthermal

generation) 1000

|\

wind

biomass (advanced)

biomass (traditional) 600
hydroelectricity

nuclear

power
gas 200

coal
oil

2000 2020 2040 2100
year
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IEA PV Roadmap Targets

=E R PV grid-parity : 2012 ~ 2030
(2000 KWh/KW ~ 1000 kWh/kW)
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Utility PV grid-parity : 2020 ~ 2035 ;
(2000 kWh/kW ~ 1500 kWh/kW)
http://www.iea.org/publications/free_new_Desc.asp?PUBS_1D=2150
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