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Analysis	
  Disclaimer	
  
DISCLAIMER	
  AGREEMENT	
  
	
  	
  
These	
  manufacturing	
  cost	
  model	
  results	
  (“Data”)	
  are	
  provided	
  by	
  the	
  NaDonal	
  Renewable	
  Energy	
  Laboratory	
  

(“NREL”),	
  which	
  is	
  operated	
  by	
  the	
  Alliance	
  for	
  Sustainable	
  Energy	
  LLC	
  (“Alliance”)	
  for	
  the	
  U.S.	
  
Department	
  of	
  Energy	
  (the	
  “DOE”).	
  

	
  	
  
It	
  is	
  recognized	
  that	
  disclosure	
  of	
  these	
  Data	
  is	
  provided	
  under	
  the	
  following	
  condiDons	
  and	
  warnings:	
  	
  (1)	
  

these	
  Data	
  have	
  been	
  prepared	
  for	
  reference	
  purposes	
  only;	
  (2)	
  these	
  Data	
  consist	
  of	
  forecasts,	
  
esDmates	
  or	
  assumpDons	
  made	
  on	
  a	
  best-­‐efforts	
  basis,	
  based	
  upon	
  present	
  expectaDons;	
  and	
  (3)	
  these	
  
Data	
  were	
  prepared	
  with	
  exisDng	
  informaDon	
  and	
  are	
  subject	
  to	
  change	
  without	
  noDce.	
  

	
  	
  
The	
  names	
  DOE/NREL/ALLIANCE	
  shall	
  not	
  be	
  used	
  in	
  any	
  representaDon,	
  adverDsing,	
  publicity	
  or	
  other	
  

manner	
  whatsoever	
  to	
  endorse	
  or	
  promote	
  any	
  enDty	
  that	
  adopts	
  or	
  uses	
  these	
  Data.	
  	
  DOE/NREL/
ALLIANCE	
  shall	
  not	
  provide	
  any	
  support,	
  consulDng,	
  training	
  or	
  assistance	
  of	
  any	
  kind	
  with	
  regard	
  to	
  the	
  
use	
  of	
  these	
  Data	
  or	
  any	
  updates,	
  revisions	
  or	
  new	
  versions	
  of	
  these	
  Data.	
  

	
  	
  
YOU	
  AGREE	
  TO	
  INDEMNIFY	
  DOE/NREL/ALLIANCE,	
  AND	
  ITS	
  AFFILIATES,	
  OFFICERS,	
  AGENTS,	
  AND	
  EMPLOYEES	
  

AGAINST	
  ANY	
  CLAIM	
  OR	
  DEMAND,	
  INCLUDING	
  REASONABLE	
  ATTORNEYS'	
  FEES,	
  RELATED	
  TO	
  YOUR	
  USE,	
  
RELIANCE,	
  OR	
  ADOPTION	
  OF	
  THESE	
  DATA	
  FOR	
  ANY	
  PURPOSE	
  WHATSOEVER.	
  	
  THESE	
  DATA	
  ARE	
  
PROVIDED	
  BY	
  DOE/NREL/ALLIANCE	
  "AS	
  IS"	
  AND	
  ANY	
  EXPRESS	
  OR	
  IMPLIED	
  WARRANTIES,	
  INCLUDING	
  
BUT	
  NOT	
  LIMITED	
  TO,	
  THE	
  IMPLIED	
  WARRANTIES	
  OF	
  MERCHANTABILITY	
  AND	
  FITNESS	
  FOR	
  A	
  
PARTICULAR	
  PURPOSE	
  ARE	
  EXPRESSLY	
  DISCLAIMED.	
  	
  IN	
  NO	
  EVENT	
  SHALL	
  DOE/NREL/ALLIANCE	
  BE	
  
LIABLE	
  FOR	
  ANY	
  SPECIAL,	
  INDIRECT	
  OR	
  CONSEQUENTIAL	
  DAMAGES	
  OR	
  ANY	
  DAMAGES	
  WHATSOEVER,	
  
INCLUDING	
  BUT	
  NOT	
  LIMITED	
  TO	
  CLAIMS	
  ASSOCIATED	
  WITH	
  THE	
  LOSS	
  OF	
  DATA	
  OR	
  PROFITS,	
  WHICH	
  
MAY	
  RESULT	
  FROM	
  AN	
  ACTION	
  IN	
  CONTRACT,	
  NEGLIGENCE	
  OR	
  OTHER	
  TORTIOUS	
  CLAIM	
  THAT	
  ARISES	
  
OUT	
  OF	
  OR	
  IN	
  CONNECTION	
  WITH	
  THE	
  USE	
  OR	
  PERFORMANCE	
  OF	
  THESE	
  DATA.	
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Historical Prices for PV Modules from a 2000 Vantage Point!

A	
  logical	
  strategy	
  quesDon	
  for	
  the	
  Dme:	
  When	
  will	
  the	
  prevailing	
  
market	
  price	
  for	
  PV	
  modules	
  be	
  ≈$1/	
  W?	
  

$4.60/ W!

2000!
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Historical and Conceivable PV Module Prices from a 2000 Vantage Point!

Answer:	
  	
  Looks	
  like	
  circa	
  2020.	
  

2020!2000!
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Historical PV Module Prices from a 2008 Vantage Point!

The	
  same	
  logical	
  strategy	
  quesDon	
  at	
  the	
  Dme:	
  	
  When	
  will	
  the	
  
prevailing	
  market	
  price	
  for	
  PV	
  modules	
  be	
  ≈$1/	
  W?	
  

$3.70/ W!

$3.10/ W Price!
projected from the earlier 2000 - 2020 trendline !

2008!
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$1.00 

$10.00 

$100.00 

1976 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020 

Historical and Conceivable PV Module Prices from a 2008 Vantage Point!

$3.70/ W!

$3.10/ W Price!
projected from the 2000 - 2020 trendline !

2008!

Answer:	
  	
  Looks	
  like	
  circa	
  2020.	
  

2020!
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A Perfectly Reasonable Business Plan for 2008 !

Trendline for 
Predicting the 
Prevailing Prices for 
PV Modules          
(2000 Vantage Point)!

Trendline for 
predicting the 
Prevailing Prices for 
PV Modules           
(2008 Vantage Point)!

2008! 2020!2016!
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And Then the Unexpected Happened!

Trendline for 
Predicting the 
Prevailing Prices for 
PV Modules          
(2000 Vantage Point)!

Trendline for 
predicting the 
Prevailing Prices for 
PV Modules           
(2008 Vantage Point)!

Actual Prevailing 
Prices for PV 
Modules!

!"#$$%!$#&'%!$#&(%!$#))%
!$#)*%!$#)$%!$#+'%!$#+(%%

2012!

The	
  beginning	
  of	
  reducDons	
  in	
  the	
  German	
  FiT;	
  
polysilicon	
  prices	
  ease	
  off	
  of	
  highs	
  

Massive	
  excess	
  manufacturing	
  	
  
capacity	
  throughout	
  the	
  industry	
  

The	
  Fools	
  Errand	
  
	
  	
  Begins	
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Hanwha SolarOne 
Canadian Solar 
Trina Solar 
Yingli 
JA Solar 
Suntech 
SunPower 
First Solar 

The	
  leading	
  PV	
  Cell/Module	
  Manufacturers	
  in	
  2010	
  and	
  2011	
  

All	
  figures	
  are	
  based	
  on	
  SEC	
  filings	
  by	
  the	
  respecDve	
  companies,	
  except	
  for	
  First	
  Solar	
  in	
  Q4	
  ’11.	
  	
  Q4	
  ’11	
  First	
  Solar	
  shipments	
  
based	
  on	
  medium	
  of	
  projecDons	
  from	
  CiD	
  (11/4/11),	
  Cowen	
  &	
  Co.	
  (11/4/11),	
  Deutsche	
  Bank	
  (11/4/11),	
  Piper	
  Jaffray	
  (11/4/11),	
  
SDfel	
  Nicolaus	
  (11/4/11),	
  UBS	
  (11/4/11).	
  	
  

 c-Si !
!
!
CdTe!
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Goodrich,	
  A.;	
  Hacke,	
  P.;	
  Wang,	
  Q.;	
  Sopori,	
  B.;	
  Margolis,	
  R.;	
  James,	
  T.;	
  Woodhouse,	
  M.,	
  	
  	
  	
  	
  	
  	
  	
  
“A	
  Wafer-­‐Based	
  Monocrystalline	
  Silicon	
  Photovoltaics	
  Road	
  Map:	
  U<lizing	
  Known	
  
Technology	
  Improvement	
  Opportuni<es	
  for	
  Further	
  Reduc<ons	
  in	
  Manufacturing	
  Costs,”	
  
	
  provisionally	
  accepted	
  by	
  Solar	
  Energy	
  Materials	
  and	
  Solar	
  Cells.	
  
Also	
  available	
  if	
  requested	
  by	
  email:	
  alan.goodrich@nrel.gov,	
  michael.woodhouse@nrel.gov	
  
	
  
.	
  
!

Total Module Costs = Minimum Sustainable Prices for Each Upstream Material!

The	
  c-­‐Si	
  Module	
  Supply	
  Chain	
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Recent Trends in the Prevailing Prices for c-Si PV Modules!

!"#$$%!$#&'%!$#&(%!$#))%
!$#)*%!$#)$%!$#+'%!$#+(%%

2008	
  spot	
  prices	
  
	
  around	
  $400/	
  kg	
  

The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  Polysilicon	
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Siemens	
  Chunk	
  

Fluidized	
  bed	
  granules	
  

The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  Polysilicon	
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The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  Polysilicon	
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The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  Wafers	
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•  Assumes	
  perfect	
  transfer	
  of	
  minimum	
  sustainable	
  polysilicon	
  prices	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  (e.g.,	
  a	
  ver*cally	
  integrated	
  firm	
  or	
  consor*um)	
  	
  
•  Savings	
  by	
  elimina*ng	
  kerf	
  ≈$15/	
  m2	
  of	
  wafers	
  produced	
  
•  Savings	
  for	
  moving	
  from	
  180	
  µm	
  to	
  80	
  µm	
  wafers	
  ≈$9/	
  m2	
  of	
  wafers	
  produced.	
  

The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  Wafers	
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The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  	
  
Making	
  Standard	
  Cells	
  (≈17%	
  Efficiency)	
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Calculated	
  Cost	
  of	
  Ownership	
  for	
  each	
  step	
  in	
  the	
  
fabricaDon	
  of	
  Standard	
  c-­‐Si	
  Solar	
  Cells	
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The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  	
  
Making	
  Technology	
  Group	
  1	
  Cells	
  (20	
  -­‐	
  22%	
  Efficiency)	
  
	
  

Process	
  Flow	
  

Cell	
  Architecture	
  
(PERC-­‐like,	
  with	
  
SelecDve	
  Emiper)	
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Calculated	
  Cost	
  of	
  Ownership	
  for	
  each	
  step	
  in	
  the	
  
fabricaDon	
  of	
  Technology	
  Group	
  1	
  c-­‐Si	
  Solar	
  Cells	
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The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  	
  
Making	
  Technology	
  Group	
  2	
  Cells	
  (≈25%	
  Efficiency)	
  
	
  

Process	
  Flow	
  

Cell	
  Architecture	
  
(Interdigitated	
  Back	
  Contact,	
  

	
  or	
  ‘IBC’)	
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Calculated	
  Cost	
  of	
  Ownership	
  for	
  each	
  step	
  in	
  the	
  
fabricaDon	
  of	
  Technology	
  Group	
  2	
  c-­‐Si	
  Solar	
  Cells	
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The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  	
  
Making	
  Technology	
  Group	
  3	
  Cells	
  (≈24%	
  Efficiency)	
  
	
  

Process	
  Flow	
  

Cell	
  Architecture	
  
(HeterojuncDon	
  Intrinsic	
  Thin	
  

Layer,	
  or	
  ‘HIT’)	
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Calculated	
  Cost	
  of	
  Ownership	
  for	
  each	
  step	
  in	
  the	
  
fabricaDon	
  of	
  Technology	
  Group	
  3	
  c-­‐Si	
  Solar	
  Cells	
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Balance of Material Costs for Modules 

Material 2011 Costs  
Cells (See fig. 11) $0.54 - $0.37 / Wp 

Bus bars and tabbing ribbon $0.80/ module 
PCB, mounting tape, and junction box 

containing the bypass diodes  $9.50/ module 

Aluminum frame and edge seal $20/ module 

EVA (2 sheets needed) $4 / m2  

for each sheet 

Back sheet film $8 / m2 

Front Glass 
(4.0 mm, low [Fe], tempered) $16 / m2 

Estimated module materials costs $0.82 - $0.57 / Wp 

! Assumed	
  cell-­‐to-­‐module	
  derate	
  of	
  11%	
  

The	
  c-­‐Si	
  Module	
  Supply	
  Chain:	
  Complete	
  Module	
  Costs	
  

Goodrich,	
  A.;	
  Hacke,	
  P.;	
  Wang,	
  Q.;	
  Sopori,	
  B.;	
  Margolis,	
  R.;	
  James,	
  T.;	
  Woodhouse,	
  M.,	
  “A	
  Wafer-­‐Based	
  	
  
	
  	
  	
  Monocrystalline	
  Silicon	
  Photovoltaics	
  Road	
  Map:	
  U<lizing	
  Known	
  Technology	
  Improvement	
  Opportuni<es	
  for	
  	
  
	
  	
  Further	
  Reduc<ons	
  in	
  Manufacturing	
  Costs,”	
  provisionally	
  accepted	
  by	
  Solar	
  Energy	
  Materials	
  and	
  Solar	
  Cells.	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  Also	
  available	
  if	
  requested	
  by	
  email:	
  alan.goodrich@nrel.gov,	
  michael.woodhouse@nrel.gov	
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Stability:	
  
T80	
  of	
  25	
  years	
  

hep://www.trinasolar.com/eu/products/product-­‐resources/product-­‐warranty	
  	
  

Efficiency:	
  	
  
20	
  -­‐	
  25%	
  

•  Efficiency	
  distribu*on	
  for	
  SunPower’s	
  Maxeon	
  Gen	
  3	
  Cells	
  with	
  
23.6%	
  average	
  commercial	
  produc*on	
  efficiencies.	
  

•  See	
  D.	
  D.	
  Smith	
  et	
  al.	
  (2012),	
  Proceedings	
  of	
  the	
  38th	
  IEEE	
  PVSC,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
pp.	
  001594.	
  

•  Low	
  efficiency	
  c-­‐Si	
  companies	
  are	
  generally	
  the	
  first	
  ones	
  being	
  shut	
  
down	
  during	
  the	
  2012	
  downturn.	
  

Conclusions	
  on	
  c-­‐Si:	
  	
  
Benchmarks	
  for	
  other	
  PV	
  technologies	
  to	
  consider	
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hep://www.pv-­‐tech.org/news/sunpower_next_capex_spending_cycle_not_un*l_2014_touts_cell_cost_reduc*on.	
  
SunPower	
  Q4	
  2011	
  Earnings	
  Call	
  and	
  	
  

Cost	
  



27	
  

2012	
  IEEE	
  PVSC	
  Conference	
  proceedings,	
  and	
  accepted	
  by	
  the	
  Journal	
  of	
  Photovoltaics.	
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Single-­‐JuncDon	
  Polycrystalline	
  CdTe	
  in	
  a	
  
Monolithically-­‐Integrated	
  Format	
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Assumes	
  constant	
  prices	
  for	
  all	
  materials,	
  as	
  well	
  as	
  constant	
  labor	
  and	
  capital	
  equipment	
  requirements.	
  

Single-­‐JuncDon	
  Polycrystalline	
  CdTe	
  in	
  a	
  
Monolithically-­‐Integrated	
  Format	
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Some	
  III-­‐Vs	
  Stuff	
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Where	
  the	
  III-­‐V	
  Cost	
  Modeling	
  Effort	
  Will	
  Eventually	
  Go:	
  	
  
The	
  Fresnel	
  Lens	
  Box	
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Where	
  the	
  III-­‐	
  V	
  Cost	
  Modeling	
  Effort	
  Will	
  Eventually	
  
Go:	
  MulD-­‐JuncDon	
  Solar	
  Cells	
  

Figures adapted from D J Friedman, J M Olson, S Kurtz, High Efficiency III-V Multijunction Solar Cells, in Handbook of Photovoltaic Science and Engineering,         
2nd ed. (2011). Note: The optical penetration depth for each color is not represented to scale within the figure.  
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A	
  process	
  flow	
  from:	
  

2011	
  IEEE	
  PVSC	
  Conference	
  Proceedings	
  

One	
  representa*ve	
  single-­‐junc*on	
  GaAs	
  cell	
  processing	
  sequence	
  	
  

But	
  First	
  the	
  Single-­‐JuncDon	
  Case	
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Draft Analysis; !
Not be cited or distributed.!

Nature,	
  (2010),	
  465,	
  pp.	
  329.  

Another	
  Analogous	
  Case	
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Drau	
  analysis.	
  	
  Do	
  not	
  cite	
  unDl	
  the	
  
corresponding	
  paper	
  is	
  accepted	
  by	
  
a	
  peer-­‐reviewed	
  journal.	
  

RepresentaDve	
  Single-­‐JuncDon	
  GaAs	
  Device	
  for	
  the	
  Cost	
  Model,	
  
Designed	
  in	
  ConsultaDon	
  with	
  NREL	
  Researchers	
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Drau	
  analysis.	
  Not	
  to	
  be	
  cited	
  
unDl	
  the	
  corresponding	
  paper	
  is	
  
accepted	
  by	
  a	
  peer-­‐reviewed	
  
journal.	
  

RepresentaDve	
  Process	
  Flow	
  for	
  Making	
  the	
  Device	
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xAl(CH3)3     +     (1-x)Ga(CH3)3     +     AsH3(g)          AlxGa1-xAs  + 3CH4(g) 

 
Precursor Al(CH3)3 Ga(CH3)3 AsH3

Molar Reaction Coefficient (x, 1-x) 0.05 0.95 1
Molecular Weight (g mol-1) 72.09 114.82 77.94

Material Utilization (%) 30% 30% 8%

Precursor Price ($/g) $18.00 $2.50 $0.44
Reclamation value of spent precursor ($/ g) $0.00 $0.00 $0.00

$0.000 

$0.005 

$0.010 

$0.015 

$0.020 

$0.025 

$0.030 

$0.035 

$0.040 

$0.045 

$/
 W

p 
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C
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Initial Cost Estimates for AlGaAs Buffer Layer 
500 MWp U. S. Facility, 28% Cell Efficiency, 0.25 µm/ min Dep Rate 

Depreciation Costs 
(Equipment and Building) 

Utility Costs 

Labor & Maintenance Costs 

Materials Costs 

!" #$ !%
&'$%%&()&'$*+,-$"&-.&#$!%&)-"/&01&/23&4 56557 56385 5639:

;+<=-,+>&'$%%&()&?,+@=,%(,&01&/234 5659: 868A9 965B5
?,+@=,%(,&C(%*%&0D&/234 D56EB D36:: D869E

?,+@=,%(,&C(%*%&0D&@+""284 5658 D5657 D5653
?,+@=,%(,&C(%*%&0D&F284 5655 D5658 D5655

?+,@+.*&()&G(*$"&C(%* 87H A:H 3:H

Drau	
  analysis.	
  Not	
  be	
  cited	
  unDl	
  
the	
  corresponding	
  paper	
  is	
  
accepted	
  in	
  a	
  peer-­‐reviewed	
  
journal.	
  

AlGaAs film Thickness: 100 nm
AlGaAs Density: 4.52 g/cm3

Sample	
  Cost	
  CalculaDon	
  for	
  a	
  ParDcular	
  Step	
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Estimated Step-by-Step Costs for MOCVD of Single-Junction GaAs   

500 MWP U.S. Facility, 28% Cell Efficiency, 0.25 µm/ min Deposition Rate 

Depreciation Costs 
(Equipment and 
Building) 

Utility Costs 

Labor & 
Maintenance Costs 

Material Costs 

Draft Analysis. !
Not be cited until the 
corresponding paper is 
accepted in a peer-reviewed 
journal.!

Note:	
  500	
  substrate	
  re-­‐usages	
  are	
  assumed	
  in	
  order	
  to	
  keep	
  y-­‐axis	
  reasonable.	
  

Calculated	
  Cost	
  of	
  Ownership	
  for	
  each	
  step	
  in	
  the	
  fabricaDon	
  of	
  
Single-­‐JuncDon	
  GaAs	
  Solar	
  Cells	
  (2012	
  Inputs)	
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Drau	
  analysis.	
  Not	
  be	
  cited	
  unDl	
  
the	
  corresponding	
  paper	
  is	
  
accepted	
  in	
  a	
  peer-­‐reviewed	
  
journal.	
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Estimates of Single-Junction GaAs Solar Cell Manufacturing Costs  
500 MWp U. S. Facility, 28% Cell Efficiency, 0.25 µm/ Dep Rate, 7 cells per Batch 

Margin for Minimum 
Sustainable Price 

Depreciation Costs        
(Equipment and 
Building) 

Utility Costs 

Labor & Maintenance 
Costs 

Cost of Materials for Cell 
Fabrication 

Cost of Epi-Wafer           
(At 500 Reuses) 

Total	
  Summary	
  of	
  Costs	
  with	
  2012	
  Inputs	
  
Assumes	
  500	
  growth	
  cycles	
  from	
  each	
  epi-­‐wafer,	
  and	
  equal	
  cell	
  performance	
  from	
  all	
  growth	
  cycles	
  

Direct Manufacturing Cost Summary
 Assumed Cell Efficiency: 28.0% Assumed Facility Size (MW): 500

$/Wp $/cell $/year percent investment
VARIABLE COST ELEMENTS

Material Cost $1.13 $4.21 $565,278,707.82 42.22% $0.00
Direct Labor Cost $0.19 $0.70 $93,965,829.15 7.02% $0.00

Utility Cost $0.04 $0.16 $21,462,958.34 1.60% $0.00
FIXED COST ELEMENTS

Equipment Cost $0.71 $2.66 $356,790,285.71 26.65% $2,497,532,000.00
Tooling Cost $0.00 $0.00 $0.00 0.00% $0.00

Building Cost $0.00 $0.00 $41,739.33 0.00% $626,090.00
Maintenance Cost $0.20 $0.75 $100,310,451.60 7.49% $0.00

Overhead Labor Cost $0.03 $0.10 $13,092,989.88 0.98% $0.00
Cost of Capital $0.38 $1.40 $188,090,938.85 14.05% $0.00

TOTAL COSTS $2.68 $9.97 $1,339,033,901 100.00% $2,498,158,090

EsDmated	
  ‘CapEx’	
  For	
  Plant:	
  	
  
$2.5	
  Billion/	
  500	
  MW	
  
=	
  $5/	
  W	
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  Current                                    Mid-Term   Long-Term 

Cost Model Results for MOCVD of Single Junction GaAs Solar Cells 
 ! = 28% for all cases; $180 for 133 cm2 Substrates; 0.25 Laborers per Reactor; U.S. Manufacturing 

Required Margin                                                                      
for Minimum Sustainable Cell Price 
Depreciation Costs                                               
(Equipment and Building) 
Electricity Costs 

Labor & Maintenance 

Cost of Materials for Cell Fabrication 

Cost of Epi-Wafer 

$2.35/ W 

Increase Wafer ReUsages:  
         10 to 50 
Reduce GaAs Base Thickness:  
         2.5 µm to 2.0 µm 
Reduced TMG Costs:  
         $2.50/ g to $2.25/ g  
Increase Material Utilization: 
         From 30% to 50% for TMG, TMI, and TMA 
         From 8% to 20% for AsH3 and PH3 
Increase Batch Size:  
         7 to 21 
Increase Dep. Rate:  
        0.25 µm/ min to 0.50 µm/ min  
Lower Cost of Capital:  
        12% to 10% 

$8.45/ W 

! $0.75/ W  

Increase Wafer ReUsages:  
          50 to 500 
Reduce GaAs Base Thickness:  
          2.0 µm to 1.5 µm 
Reduced TMG Costs:  
          $2.25/ g to $2.00/ g  
Increase Material Utilization: 
          From 50% to 80% for TMG, TMI, and TMA  
          From 20% to 30% for AsH3 and PH3 
Increase Batch Size:  
        21 to 49 
Increase Dep. Rate:  
        0.50 µm/ min to 1.0 µm/ min  
Eliminate Au, Ag, and/ or Pd from metallizations 
Lower Cost of Capital: 
        10% to 8% 
 

Drau	
  analysis.	
  	
  
Not	
  to	
  be	
  cited	
  
unDl	
  the	
  
corresponding	
  
paper	
  is	
  accepted	
  
in	
  a	
  peer-­‐
reviewed	
  journal.	
  

Pathways	
  for	
  Reducing	
  the	
  Manufacturing	
  Costs	
  for	
  	
  
Single-­‐JuncDon	
  III-­‐V	
  Solar	
  Cells	
  via	
  MOCVD	
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  Current                                    Mid-Term   Long-Term 

Cost Model Results for MOCVD of Single and Two-Junction III-V Solar Cells 
 ! = 28% for current and mid-term cases; $180 for 133 cm2, 600 µm Epi-Wafers;                              

0.25 Laborers per Reactor; U.S. Manufacturing Required Margin                                                                      
for Minimum Sustainable Cell Price 
Depreciation Costs                                               
(Equipment and Building) 
Electricity Costs 

Labor & Maintenance 

Cost of Materials for Cell 
Fabrication 
Cost of Epi-Wafer 

$2.35/ W 

Increase Wafer ReUsages:  
         10 to 50 
Reduce GaAs Base Thickness:  
         2.5 µm to 2.0 µm 
Reduced TMG Costs:  
         $3/ g to $2.50/ g  
Increase Material Utilization: 
         From 30% to 50% for TMG, TMI, and TMA 
         From 8% to 20% for AsH3 and PH3 
Increase Batch Size:  
         7 to 21 
Increase Dep. Rate:  
        0.25 µm/ min to 0.50 µm/ min  
Lower Cost of Capital:  
        12% to 10% 
 

$8.45/ W 

! $0.70/ W  (! = 35%,  
with 400 nm of  
additional AlInGaP) 

Increase Wafer ReUsages:  
          50 to 500 
Reduce GaAs Base Thickness:  
          2.0 µm to 1.5 µm 
Reduced TMG Costs:  
          $2.25/ g to $2.00/ g  
Increase Material Utilization: 
          From 50% to 80% for TMG, TMI, and TMA  
          From 20% to 30% for AsH3 and PH3 
Increase Batch Size:  
        21 to 49 
Increase Dep. Rate:  
        0.50 µm/ min to 1.0 µm/ min  
Eliminate Au, Ag, and/ or Pd from metallizations 
Lower Cost of Capital: 
        10% to 8% 
 

Drau	
  analysis.	
  	
  
Not	
  to	
  be	
  cited	
  
unDl	
  the	
  
corresponding	
  
paper	
  is	
  
accepted	
  in	
  a	
  
peer-­‐reviewed	
  
journal.	
  

Considering	
  the	
  Tandem	
  Cell	
  
Assuming	
  an	
  efficiency	
  boost	
  from	
  28%	
  to	
  35%	
  by	
  deposiDng	
  400	
  nm	
  of	
  addiDonal	
  AlInGaP-­‐based	
  layers.	
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Some	
  SoluDon-­‐Processed	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
PV	
  Stuff	
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HypotheDcal	
  Single-­‐JuncDon	
  OPV	
  Module	
  

OPV Module

Ag	
  Paste	
  

Tedlar-­‐Al-­‐Polyester	
  (TAP)	
  

Ru
bb

er
	
  T
ap

e	
  
w
ith

	
  D
es
si
ca
nt
	
  

ZnO	
  

PolyEthylene	
  Terephthalate	
  (PET)	
  
Frontsheet	
  (>90%	
  T	
  for	
  400-­‐1400	
  nm,	
  <	
  5	
  x	
  10-­‐4	
  WVTR)	
  

Transparent	
  Conductor	
  (ITO,	
  AZO,	
  or	
  CNT)	
  

Krebs,	
  et	
  al.;	
  Sol	
  Energy	
  Mater	
  Sol	
  Cells,	
  93	
  	
  
	
  (2009),	
  422	
  

Krebs,	
  et	
  al.;	
  J	
  Mater	
  Chem,	
  19	
  (2009),	
  5442	
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Draft Analysis. !
Not to be cited 
until the 
corresponding 
paper is 
accepted in a 
peer-reviewed 
journal.!

Highlights	
  of	
  OPV	
  Ink	
  Prices	
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Web-­‐Based	
  Transparent	
  Electrodes	
  at	
  2011	
  Material	
  Prices	
  

•  100	
  nm	
  ITO	
  spupered	
  from	
  Planar	
  Targets.	
  ≈30	
  Ω/□	
  expected	
  
•  Price:	
  $990/	
  kg,	
  30%	
  target	
  u*liza*on,	
  10%	
  Discount	
  Rate,	
  U.S.	
  Labor	
  Rates	
  	
  
•  Best	
  material	
  deposited	
  at	
  200-­‐300	
  oC,	
  which	
  may	
  actually	
  require	
  the	
  use	
  of	
  PEN	
  ($5	
  –	
  10	
  more/	
  m2)	
  

•  400	
  nm	
  AZO	
  spupered	
  from	
  Planar	
  Targets.	
  ≈30	
  Ω/□	
  expected	
  
•  Price:	
  $170/	
  kg,	
  30%	
  target	
  u*liza*on,	
  10%	
  Discount	
  Rate,	
  U.S.	
  Labor	
  Rates	
  
•  AZO	
  can	
  be	
  spuRered	
  at	
  about	
  a	
  2X	
  faster	
  deposiTon	
  rate	
  than	
  ITO.	
  
•  As	
  a	
  disadvantage,	
  AZO	
  does	
  have	
  a	
  higher	
  reflecTvity	
  	
  

•  45	
  nm	
  CNT	
  (with	
  30%	
  porosity)	
  printed	
  at	
  45	
  m/	
  min.	
  ≈60	
  Ω/□	
  	
  expected.	
  	
  Price:	
  $50,000/	
  kg.	
  

Notable	
  material	
  
price	
  trends:	
  
• 	
  Indium	
  ↑	
  
• 	
  CNTs	
  ↓	
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Calculated Costs for Three Different Transparent Electrode Options  

Cost of Capital 

Equipment Labor 

Equipment Maintenance 

Capital Equipment 

Transparent Electrode 
Material 

Optical Grade PET Substrate               
(0.005", NO coating) 

!"#$ %&"'$()#$

$5.63 / m2 

*+,-.$/$01$

*2,+3$/$01$

Drau	
  analysis.	
  	
  
Not	
  to	
  be	
  cited	
  
unDl	
  the	
  
corresponding	
  
paper	
  is	
  accepted	
  
in	
  a	
  peer-­‐
reviewed	
  journal.	
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Web-­‐Based	
  Device	
  Layers	
  at	
  2011	
  Material	
  Prices	
  

Es*mated	
  ‘CapEx’	
  for	
  a	
  new	
  c-­‐Si	
  plant:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
$1.40	
  -­‐	
  $1.60/	
  W.	
  See	
  for	
  example:	
  
hep://www.pv-­‐tech.org/news/
gcl_poly_energy_foxconn_technology_partner_for_solar_plant_in_sha
nxi_provin	
  
	
  
	
  

A	
  R2R	
  system	
  setup	
  to	
  make	
  15%	
  	
  
	
  	
  	
  	
  devices	
  at	
  45	
  m/	
  min	
  :	
  $0.056/	
  W.	
  	
  
!
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Annealling 

Cost of Capital 

Equipment Labor 

Equipment 
Maintenance 

Capital Equipment 

Ink Price 

$4.94 / m2 

$1.52 / m2 

$10.28 / m2 

$0.21 / m2 

Ag	
  Paste	
  

Tedlar-­‐Al-­‐Polyester	
  (TAP)	
  

Ru
bb

er
	
  T
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  D
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ca
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ZnO	
  

PolyEthylene	
  Terephthalate	
  (PET)	
  
Frontsheet	
  (>90%	
  T	
  for	
  400-­‐1400	
  nm,	
  <	
  5	
  x	
  10-­‐4	
  WVTR)	
  

Transparent	
  Conductor	
  (ITO,	
  AZO,	
  or	
  CNT)	
  

Drau	
  analysis.	
  Not	
  to	
  be	
  cited	
  
unDl	
  the	
  corresponding	
  paper	
  
is	
  accepted	
  in	
  a	
  peer-­‐reviewed	
  
journal.	
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One	
  Long-­‐Term	
  Pathway	
  to	
  >10%	
  Efficiencies	
  at	
  UltraLow	
  Cost:	
  	
  
MulD-­‐JuncDon	
  OPV	
  

Absorp*on	
  profiles	
  for	
  typical	
  OPV	
  molecules	
  
shown	
  above	
  and	
  below.	
  Mul*-­‐junc*on	
  
architectures	
  are	
  likely	
  needed	
  in	
  order	
  to	
  
increase	
  efficiencies	
  to	
  a	
  level	
  comparable	
  to	
  
inorganics.	
  	
  

! 

Jsc = QE(")
"min

"max

# $AM1.5(")d"

e.g.	
  Single-­‐Junc*on	
  OPV	
  Cell	
  	
  	
  	
  	
  	
  	
  

e.g.	
  Mul*i-­‐Junc*on	
  OPV	
  Cell	
  	
  

Li,	
  G.;	
  Zhu,	
  R.;	
  Yang,	
  Y.	
  	
  
Nature	
  Photonics,	
  (6):	
  pp.	
  153-­‐159.	
  
Tandem	
  Junc*on	
  8.6%	
  efficient	
  OPV	
  cell	
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Estimated Material Costs in $/ m2 

Solution-Processed Materials in Appropriate Packaging 
 

Frontsheet ($22/ m2) 

TAP Backsheet & Tape 

Printed Layers (ZnO- Ag) 

TE & Etching 

Substrate (PET) 

!"#$%&'()#*+,#' -."/%&'()#*+,#'

$60 - $65/ m2 
 

-0#1&2'()#*+,#'

$80 - $85/ m2 
 

$70 - $75/ m2 
 

Drau	
  analysis.	
  Not	
  to	
  be	
  cited	
  unDl	
  the	
  corresponding	
  paper	
  is	
  accepted	
  in	
  a	
  peer-­‐reviewed	
  journal.	
  

Calculated	
  Costs	
  for	
  Module	
  Made	
  via	
  SoluDon	
  Processing	
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Estimated Material Costs in $/ Wp(DC). 
Solution-Processed Materials in Appropriate Packaging 

 
Frontsheet ($22/ m2) 

TAP Backsheet & Tape 

Printed Layers (ZnO- Ag) 

Transparent Electrode & 
Monolithic Etching 

Substrate (PET) 

!"#$%&'()#*+,#'
-./'01*"&#*23'

45"6%&'()#*+,#'
-78/'01*"&#*23'

!"#$%&'()#*+,#'
-98/'01*"&#*23'

:9;<8'=':9;><?'@'
-:>8'=':><?'A73!

'

:8;.8=':8;.<?'@'
-:B8'=':B<?'A73!

'

:8;>8=':8;><?'@'
-:>8'=':><?'A73!

'

4C#D&A'()#*+,#'
-9</'01*"&#*23'

:8;.<=':8;<8?'@'
-:E8'=':E<?'A73!

'

Drau	
  analysis.	
  Not	
  to	
  be	
  cited	
  unDl	
  the	
  corresponding	
  paper	
  is	
  accepted	
  in	
  a	
  peer-­‐reviewed	
  journal.	
  

Calculated	
  Costs	
  for	
  Module	
  Made	
  via	
  SoluDon	
  Processing	
  

‘SunShot’	
  Target:	
  
20%,	
  <$0.50/	
  W	
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That	
  product	
  will	
  also	
  need	
  to	
  come	
  with	
  a	
  warranty	
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Module Lifetime (Years) 

Normalized Total Net Present Module Costs as a Function of Module Lifetime 
(7% Discount Rate (R), 25% Installer Margin on Module, Includes Replacement Labor) 

3 Installations 
2 Installations 

8 Installations 

4 Installations 

hep://www.trinasolar.com/eu/products/product-­‐resources/product-­‐warranty	
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Energy	
  storage	
  solu*ons	
  are	
  needed	
  for	
  penetra*on	
  >10-­‐20%.	
  	
  	
  
Please	
  see:	
  Denholm,	
  P.	
  and	
  Margolis,	
  R.	
  (2007).	
  Energy	
  Policy,	
  35:	
  pp.	
  2852-­‐2861.	
  

Baseload	
  power:	
  
>80%	
  of	
  total	
  	
  
electricity	
  	
  
produc*on	
  Coal,	
  Hydro,	
  Nuclear,	
  Oil,	
  

Geothermal,	
  Natural	
  Gas,…	
  

Natural	
  Gas,	
  PV,	
  CSP,	
  Wind,	
  et	
  al.;	
  ‘Spinning	
  Reserves’	
  

Image	
  source:	
  	
  
European	
  Photovoltaics	
  Industry	
  Associa*on	
  

Storage	
  is	
  also	
  criDcal	
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Please	
  email:	
  michael.woodhouse@nrel.gov	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  robert.margolis@nrel.gov	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ted.james@nrel.gov	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  david.feldman@nrel.gov	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  alan.goodrich@nrel.gov	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  call:	
  	
  303-­‐384-­‐7623	
  (mike’s	
  number)	
  
	
  
Thank	
  You!	
  	
  

QuesDons?	
  Comments?	
  


