Study of Potential Cost Reductions Resulting from Super-Large-Scale Manufacturing of PV Modules 
Sub-contract No. ADJ-3-33631-01

Ken Zweibel (Technical Monitor)
Marvin S. Keshner

Director, Systems and Solutions, 

Chief Technology Office 
of the Imaging and Printing Group

Hewlett Packard
Marvin.Keshner@hp.com
Rajeewa (Rajiv) Arya

Principal 

Arya International, Inc.




ABSTRACT


We have studied the design for  “A Solar City Factory” that will produce 2 – 3.5 GWp of solar panels per year—100x the volume of a typical, thin-film, solar panel manufacturer in 2003, and more than 4x the volume of the entire solar panel industry in 2003.  With a reasonable selection of materials, and conservative assumptions, this “Solar City Factory” can hit a price target of $1.00 per watt as the total price for a complete, installed solar energy system (6.5x - 8.5x lower than prices in 2003).  This breakthrough in the price of solar energy comes without the need for any significant new innovation.  It comes entirely from the design of a very large, dedicated and optimized factory, the design of manufacturing equipment for a very large factory and the cost savings resulting from operating at such a large manufacturing scale.
1.  Objectives


Study the potential cost reductions in PV modules that can be obtained with the economies of scale offered by very large factories.
2.  Technical Approach


First, we selected a size for the large scale factory that would be big enough to achieve significant economies of scale, small enough to be affordable in capital cost, and small enough to be well matched to the needs of a geographically local market.

Second, we developed cost estimates for each stage of the manufacturing and the installation process for the PV panels.  Where possible, we used direct quotes based on  similar products and the anticipated volume per year.  For the deposition and patterning equipment, we used a learning curve estimate of 0.8 derived from two case studies of industries that have gone from low volume manufacturing to high volume manufacturing with equipment specifically designed for that industry.

Third, we assumed “typical” high-volume margins--50% for manufacturing and 20% for retail.


Finally, we chose only proven thin-film PV technologies in a simple configuration, a single junction.  We then listed the gaps in current technology as  “technical challenges” which must be addressed to make large-scale manufacturing effective.
3.  Results and Accomplishments

Technology investments by the U.S. government Dept. of Energy, National Renewable Energy Lab (NREL) and others over the past 30 years have positioned the Solar Energy industry to undergo an inflection.  The technology is now very close to good enough.  The key issue is cost.


Like the DRAM industry of the middle 1980’s, we will see large companies invest around $0.5 B in capital to create large, optimized and automated factories that will achieve dramatically lower costs for solar panels.  These lower costs will finally enable solar energy to compete economically with the cost of producing electricity by conventional means, enabling the market to explode.  


We have created a design for a “Solar City” factory that will produce 2.1 – 3.6 GWp of solar panels per year—100x the volume of a typical, thin-film, solar panel manufacturer in 2003, and about 4x the volume of the entire solar panel industry in 2003.  With a reasonable selection of materials, and conservative assumptions, this “Solar City” can hit a price target of $1.00 per Wp (6.5x - 8.5x lower than prices in 2004) as the total price for a complete and installed solar energy system.  

This breakthrough in the price of solar energy comes without the need for any significant new invention.  It comes entirely from the design of a large factory and the cost savings inherent in operating at such a large manufacturing scale.


At the price of $1.00 per Wp for a complete and installed system, the payback time in states like California is under 5 years.   At this price, the demand for solar energy systems will explode.  There will be small solar energy systems installed on residential rooftops (4 - 6kW each), much larger systems on commercial rooftops (0.5 MW each) and even larger systems (10 – 100 MW) for the regional and wholesale generation of electricity at $.03 - $04 per kWhr—rates that are competitive with regional and wholesale rates.  Eventually, we envision hundreds of these “Solar City” factories distributed across the U.S. and around the world to serve local markets.  

The large-scale factory consists of an on-site glass factory, 100 identical lines that deposit and pattern the thin-films and, finally, a number of identical assembly and packaging lines.  The factory also includes recycling of the high purity materials to achieve 75% utilization of rare materials and to reduce their total cost.  Inputs are bulk materials, such as gas & sand to make glass, comparatively small amounts of high purity materials to make the thin-film active layers, and finally, fabricated aluminum to package and mount the panels.  Intermediary products are consumed within the factory.  This greatly reduces handling, shipping, cleaning and breakage costs.
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The on-site, glass sub-factory is chosen to be similar in size to standard glass factories around the world today, 600 metric tons of glass per day or 30 million square meters of 0.3 mm sheet glass per year.  It sets the size for the overall solar factory.  The solar factory will ship 2.1, 3.3 or 3.6 billion Wp of PV panels per year, depending on the conversion efficiency of the thin-film material in the active layer.  Single junctions of amorphous silicon, CdTe and CuInGaSe2 have conversion efficiencies of 7%, 11%, and 12%, respectively, with low iron glass as the superstrate or substrate.  The entire output of the on-site sheet glass sub-factory is dedicated to making tempered, low-iron, soda-lime glass that is an excellent material for the superstrate of a PV module.  Low-iron glass has about 15% better light transmission in the part of spectrum used by PV.  Today, it is not in demand and not manufactured in high volume.  However, with a dedicated sub-factory making only low-iron sheet glass, the cost is only about 10% greater than the cost of standard sheet glass.

The deposition and patterning lines are each designed for 0.3 million square meters of sheet glass per year or 21 – 36 MWp of PV panels per year—very similar to the volumes of a typical PV factory of 2003.  However, unlike the equipment designed for today’s factories, this equipment set is designed with the expectation that many 100’s of units will be sold.  The design and engineering costs are then spread among a very large number of units and the final price approaches the price of cloning the equipment rather than the price of designing it.  

A single factory will use 100 identical sets of equipment.   From the flat panel display industry and from the low-e glass industry, we estimate a learning curve rate of at least 0.8.  This learning curve rate predicts that in volumes of over a hundred, we can expect a price decline of 5x compared with a volume of 1.  Therefore, in our estimates for the cost of the equipment and the cost of the depreciation, we have taken the current price for a PV factory and divided it by 5x.  This reduces the depreciation cost which is a significant part of the manufacturing cost for a PV panel.  Even more important, it reduces the total cost of the factory from $ 2 B to about $ 400 million (not including the cost of the glass sub-factory, which is about $100 M).

For packaging, we used coated aluminum frames, like those used for windows.  Both glass and aluminum frames have proven 30 year reliability when exposed to direct sunlight and weather.  We postulate that we can select an inexpensive silicone, urethane or other polymer for a back coating.  The back coating does not face the sun, is not exposed to UV and does not have to be transparent.  We list this as a technical challenge, but are confident that several good solutions may exist.  Of course, we could use a second sheet of glass for $ 0.03 - 0.05 per Wp extra cost, but we would prefer a polymer back-coat to save both the expense and the weight

Here is the pricing model for a 6 kW roof installation, based on 93% overall factory yields and 15% improvement in efficiency by using low-iron glass:
Panel Costs per Wp        
a-Si
CdTe
CIGS    

Conversion efficiency
  7% 
  11%
  12%

Superstrate or substrate
$ .071
$ .045
$ .041

Active layer


   Depreciation & operations
$ .065
$ .034
$ .038

   Thin-film materials (75% util)

       a-Si
$ .005

       CdTe

$ .023

       CuInGaSe2


$ .083

Packaging of panels
$ .161
$ .103
$ .094

Manufacturer’s gross margin
$ .300
$ .210
$ .260

   Total Panel Price per Wp
$ .60
$ .42
$ .52

Installation Cost per Wp
   Power Converter wholesale
$ .120
$ .120
$ .120

   AC wiring (220 v, 30 amp)
$ .027
$ .027
$ .027

   Installation (4 hrs @ $75/hr)
$ .050
$ .033
$ .030 
   Retailer’s gross margin (20%)
$ .200
$ .150
$ .180

  Total installation Price/Wp
$ .40
$ .33
$ .36
Total price per Wp installed
$1.00
$ .75
$ .88
4.  Conclusions


We have shown that with current technology, an investment of $ 600 million to create a large-scale solar factory can lower the installed price to about $1 per Wp.  The remaining technical challenges are the design of the factory equipment, the selection of the back coating, the design of the power converter and welded contacts for high volumes and the recycling of high purity materials such as silane. 
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