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WORKSHOP OBJECTIVE 

The objective of the workshop “Photovoltaics and the Environment” was to bring together PV 
manufacturers and industry analysts to define EH&S issues related to the large-scale 
commercialization of PV technologies. 

WORKSHOP BACKGROUND 

The National Photovoltaic Environmental, Health and Safety (EH&S) Assbtance Center 
The National Photovoltaic EH&S Assistance Center is operated at BNL, under the auspices of the 
U.S. Department of Energy (DOE), to foster the safe and environmentally friendly operation of 
photovoltaic facilities and products, extending from R&D to manufacturing and use. The objectives 
of the Center are to prevent accidents, to reduce EH&S occupational and public risks, and lower the 
environmental- and safety-related costs. 

The BNL Center undertakes the following types of activities: 

1. It directly supports DOE Headquarters, the National Renewable Energy Laboratory (NREL), and 
Sandia National Laboratory (SNL) to ensure that their facilities and those of their contractors are 
operated in an environmentally responsible manner. 

2. It conducts EH&S audits, safety reviews and incident investigations, as needed. 

3. It assists the photovoltaic industry to identify and examine potential EH&S barriers and hazard- 
control strategies for new photovoltaic material, process and application options before their 
large-scale commercialization. To facilitate the transfer and application of knowledge derived 
from this work, BNL hosts workshops, tutorials and symposia, uses electronic mail and a web 
page, and publishes articles in the peer-reviewed journals. The current workshop is one of these 
“industry outreach” activities. 

The Thin Film Partnership 
The Thin Film PV Partnership is the main program funded by DOE to support R&D in thin film 
options, such as amorphous silicon, cadmium telhnide, and copper indiurn diselenide. The 
Partnership funds in subcontracts to leading companies and universities to perform this research. 
Subcontractors are categorized as Technology Partners if they are companies with commercial or 
near-commercial thin films. Others are categorized as R&D Partners, and they undertake work that 
will keep further advances in the pipeline for the future. The members of the Partnership work on 
technology-specific National R&D Teams in collaboration with NREL in-house researchers; these 
teams are directed to solve critical fundamental and technological problems. An additional cross- 
cutting team, the Thin Film Partnership ES&H Team, is made up of the Technology Partners and 
others with commercial interests, as well as invitees, who address ES&H challenges together. The 
workshop in Keystone was one of their activities, planned jointly with BNL. 
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THE WORKSHOP 

The workshop was opened by BNL’s Paul Moskowitz who welcomed the participants and 
emphasized the need for open discussion and cotlaboration on EH&S issues among all industry 
players. 

Executive Summaries 

Session 1: Proactive Recycling: Near-term and Long-term Strategies 

To safeguard the environmental friendliness of photovoltaics, the PV industry follows a pro-active, 
long-term environmental strategy involving a life-of-cycle approach to prevent environmental damage 
by its processes and products from “cradle to grave.” Recycling manufacturing waste and spent PV- 
modules is examined as part of this strategy. Although the PV industry will not face this problem in 
a large scale before the year 2020, today’s choices of materials and module designs may very well set 
a precedent for the future. 

The session was chaired by Vasilis Fthenakis, BNL who briefly summarized the previous studies and 
work on recycling. The first workshop on recycling was organized by BNL and NREL and was held 
in March 1992 at Golden, CO. The 1992 workshop focused on Cd and Se and brought together 
interested parties from the PV industry, the metal-smelting industry, the utilities, the DOE, and the 
national laboratories. It established the state-of- current-affairs and provided a foundation for the 
infrastructure and technical feasibility studies, which were conducted by BNL, UNISUN, Solar Cells 
Inc. and Drinkard Metalox Inc. between 1993 and 1998. In April 1994, BNL and NREL hosted a 
workshop that focused on understanding and managing the health and environmental risks of CIS, 
CGS and CdTe module production and use. The 1994 workshop covered the toxicology of these 
new materials, and the pertinent implications to occupational health and the environment. This 
workshop identified the need to examine regulatory drivers and constraints to recycling. 

The first session of the current workshop expanded on all these issues. The papers presented gave 
industry’s perspectives and analyses of the collection and recycling infrastructure, regulatory concerns, 
technical feasibility, economic incentives, and costs. In the open discussion forum different opinions 
from the industry participants were heard and discussed. 

Photovoltaic modules may contain small amounts of regulated materials, which vary from one 
technology to another. Environmental regulations can determine the cost and complexity of dealing 
with end-of-life PV modules. If they were classified as “hazardous” according to Federal or State 
criteria, then special requirements for material handling, disposal, record-keeping and reporting would 
escalate the cost of decommissioning modules. Chris Eberspacher, UNISUN, discussed such issues 
related to recycling of CdTe and crystalline Si PV modules. He showed that several of today’s CdTe 
modules failed the US-EPA Toxicity Characteristic Leaching Procedure (TCLP) for potential 
leaching of Cd in landfills. Similarly, some of today’s x-Si modules failed tests for leaching of Pb. 
Consequently, such modules may be classified as “hazardous” waste. The TCLP is the current EPA 

method to characterize the toxicity potential of wastes. It assumes a particular worst-case scenario 
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of potential leaching of compounds in a landfill. However, many parameters that affect the 
leachability of contaminants in the field are not addressed in the current TCLP, and the EPA is 
investigating a more flexible approach that can be tailored to different types of waste. Danny 
Cunningham, BPSolar, discussed issues related to preparing PV scrap for TCLP testing. He showed 
that preparation of the sample can affect the results of the test and pointed out the need for 
preparation guidelines. 

The PV industry may choose to recycle spent modules, even if there are no regulatory issues related 
with their disposal, because recycling may improve market penetration. Recycling is most cost- 
effective if is done collectively by the industry, and in high volumes. Jef Bagby, who presented the 
experience of the Rechargeable Battery Recycling Corporation (RBRC) discussed the benefits of a 
collective approach. Two hundred and fifty manufacturers of rechargeable products fund RBRC, 
representing about 75% of the world’s rechargeable producers. Bagby described the difficulties in 
setting up the logistics and operating the collection and transport of products for recycling. These 
difficulties included allocating cost among participants, non-uniformity of state laws, restrictions from 
antitrust laws, national laws and international agreements affecting transportation, and additional 
overhead due to tax laws. The RBRC program became more effective when it was expanded beyond 
the manufacturers and involved distributors, retailers, end-users, and the government. 

The technical feasibility of recycling was proved by work funded by the DOE small-businessinitiative 
research (SBIR). John Bohland presented the results of such research at Solar Cells Inc. (SSI), which 
demonstrated the feasibility of recycling the basic components of spent CdTe and x-Si modules. For 
CdTe, their technique entails crushing the module in a hammer-mill, screening EVA flakes, and 
stripping metals from the crushed glass in successive steps of chemical dissolution, mechanical 
separation, and precipitation or electrodeposition. The estimated cost for this process for a 2 MW 
process (about 40,000 modules) integrated with a manufacturing facility is 2-4 #/W, excluding 
transportation. For x-Si cells, SSI tries to recover the functioning cells which have a high value. So 
far, they worked with PV coupons (not’ complete modules), and recovered most of the Tedlar 
backsheet and the functioning x-Si cells, which have an electrical efficiency only slightly, lower than 
the original ones. Their method starts by gently heating and manually peeling off the backsheet. 
Then, inert atmosphere pyrolysis at about 500 “C vaporizes the EVA lamination layer. Si-cell 
recovery was estimated to cost about 13 6/W, for an operational scale of 150,000 x-Si cells per year. 
For comparison, a new x-Si cell costs at least $1.50/w to produce. 

Bob Goozner, Drinkard Metalox @MI) discussed the results of another DOE-SBIR project, dealing 
with recycling of CdTe and CIS modules. DMI’s operations include chemical stripping of the metals 
and EVA, skimming off the EVA from solution, and successive steps of electrodeposition, 
precipitation, and evaporation to separate and recover the metals. DMI reports recovery of 95% or 
better of Te, and 96% or better of Pb from CdTe modules. Chemical stripping leaves the SnOz- 
conducting layer intact on the glass substrate, potentially allowing the re-use of the substrates for PV 
deposition. They project a processing cost of 9 tt/W or less for either CdTe or CIS modules. 
Goozner also showed some promising preliminary results of stripping x-Si coupons with an HNOS 
solution. 
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It has been shown that there is an economic incentive to design modules that will not be hazardous, 
or to design them in such a way that they can be recycled at a reasonable cost. This issue was 
discussed by Simon Tsuo, NREL, who presented alternatives in silicon solar-cell manufacturing that 
are f?iendlier to the environment than today’s common practices. Tsuo started by referring to sources 
of information on environmentally benign semiconductor manufacturing, and continued with a step- 
by-step analysis of manufacturing and environmental improvements for x-Si PV. His major points 
were that alternatives exist that are both environmentally benign and cost-effective, and that the PV 
industry can benefit by coordinating efforts with the printed-circuit industries. 

The following are some additional salient points from this session: 

Recycling makes sense because it conserves relatively rare minerals like tellerium, reduces the 
energy requirement in PV manufacturing, and preserves the environmentally friendliness of PV. 

Recycling can help market acceptance and penetration. 

Effective methods of recycling have been developed that can be used for both in-house and large- 
scale recycling. 

Currently, economic incentives may be inadequate to move the PV industry into voluntary 
recycling. However, this may change in future, as more economic incentives may be given to 
developing clean technologies, preventing pollution, and reducing CO* emissions. 

Also, in future, recycling costs are likely to decrease as the technologies mature, whereas the 
costs of landfill disposal are constantly increasing. 

The industry must keep an eye on regulatory developments related to TCLP, and similar waste- 
defining rules and exceptions as they affect the need for, and economics of, PV recycling. 

Session 2: PV for Carbon Dioxide Reduction 

Session II focused on the potential of PV to reduce emissions of carbon dioxide, and thus have an 
ameliorating effect on global climate change. The Chair of this session, Ken Zweibel, NREL opened 
the discussion with a synopsis of the fundamental terms used in’analyzing PV energy payback and 
carbon dioxide mitigation. PV CO2 emissions are zero during use because PV systems require little 
or no maintenance or oversight. Some CO, emissions can be attributed to manufacturing because it 
takes energy to manufacture a module. Thus, PV requires some input energy, which it pays back 
early in its lifetime. This energy pay back (EPB) was the focus of the paper by E. A. Alsema 
(“Energy Requirements and CO* Mitigation Potential of PV Systems”) of the University of Utrecht. 
For PV to be useful, the energy payback must be reasonable. In the past, PV has had high EPB 
because technology was immature and burdened by energy-intensive processing. As Alsema points 
out, EPB for existing PV systems is in the 3-10 year range; and future technological options will 
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likely allow system EPB to fall to the l-3 year range. In this range, the amount of CO2 displaced by 
PV over a thirty year lifetime outdoors is 90% to 97% as compared to the CO2 of the energy it 
offsets. For example, if we assume the US mixture of energy generation causes 160 g carbon 
equivalent of CO2 per kWh of electricity, then a 1 kW PV array in an average US location would 
produce about 1600 kWh each year, and 48,000 kWh in 30 years. That would avoid about 
(48,000*0.95)* 160 g/kWh, or about 7 metric tons (MT) of carbon equivalent during its useful life. 
The “0.95” in the equation represents a reasonable guess about future energy payback at the system 

level. Clearly, certainty about the order-of-magnitude of this number is far more important than 
predicting it to three decimal places; and also more important than the expected absolute amount of 
carbon dioxide that PV will displace, since that is dependent on (1) the mix of energies with which 
PV will be manufactured and (2) the mix that it will displace (which will vary with location, 
application, and date). 

Once it is established that substituting fossil-fuel energy generation with PV can prevent substantial 
COJ emissions, it is then necessary to establish that PV can become a large-scale source of electricity. 
The major barrier to PV becoming a large-scale energy source is PV electricity cost. Today’s PV 

systems sell for about %6-$10 per peak Watt, with an implied electricity price of about $0.4 to 
$0.7/kWh. This is much higher than conventional sources, which sell for about 8 cents/kWh in the 
US. However, PV technologies are making rapid progress toward improved output per unit cost. 
Existing technologies are improving, and new technologies are coming on line. Projections of future 
costs based on progress in PV technologies are consistent with module costs below %0.5/W 
(compared to %3/W today) and ‘reduced balance of system (BOS) costs as volume and design 
sophistication increase. Thus the competitive economic future of PV is quite promising. 

However, PV faces several other hurdles before it can be a source of energy on a global scale. Two 
of them are covered in two other papers delivered during the session: “Materials Availability and 
Waste Streams for Large Scale PV” by Bjom Andersson of Goteborg University and “The 
Competition Facing PV in a Greenhouse Gas (GHG) Emissions-Constrained World” by Robert 
Williams of Princeton. Andersson discusses the various potential constraints on the use of several 
thin film PV technologies that are expected to have excellent cost potential. However, each of these 
technologies uses a rare raw material: germanium in amorphous silicon; tellurium in cadmium 
telluride; and indium and gallium in copper indium diselenide. Andersson provides some sobering 
parametric insights into the potential of these technologies to be used on a global scale, i.e., at 
volumes per year of lo-100 GW. Each of these technologies must address the materials availability 
issue in order to be viable at these volumes. Fortunately, research avenues such as making thinner 
layers, increasing device output per unit area, increasing the materials utilization of processes, 
recycling, and substituting other materials for the rare ones, provide excellent avenues for meeting 
the materials availability challenges. These challenges will not impede the near-term adoption of these 
technologies (prior to 2010 or 2020, depending on growth), but will need to be addressed during this 

grace period. 

Williams addresses the issue that PV must compete for markets that will have other choices, such as 
wind and biomass electric power. Indeed, such competition will always be a ‘moving target’ since 
all energy technologies will progress substantially during the time it will take PV to mature. Ifthey 
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have favorable cost, favorable environmental or infrastructure qualities, they will be hard competition 
for PV in developed and developing nations. The special tises of PV (e.g., for rural electrification in 
developing countries) means that some of this future market competition will out of necessity remain 
uncertain while markets and technologies develop. 

Finally, our last paper “MARKAL-IvIACRO: A Computer Tool for Integrated Energy-Environmental- 
Economic Analysis”, presented by Vasilis Fthenakis of Brookhaven National Laboratory (BNL), 
discussed the predictions of a BNL model ( MARKAL-MACRO) on how PV will compete in the 
future 30 years, against other technologies in the US energy marketplace. Fthenakis used input data 
from NREL about future efficiencies and cost reductions of PV, and data from DOE on the expected 
performance of about 200 competitive technologies and administrative options, and produced 
estimates on PV penetration in the US and corresponding CO2 emissions reduction. The model 
predicts that by the year 2020, if the targets of 15% PV module efficiency and $0.71/W, capital cost 
are attained, PV installations in the sunniest areas of the US (e.g., Arizona) will total 20 GW; if the 
price falls down to $0.57/W,,, then PV’s share in the US could jump to 140 GW (about 10% of the 
projected total 2030 US energy capacity). At that level, PV will be reducing carbon emissions by 
about 64 million metric tons per year, a very significant contribution by any single technology. 

This workshop has addressed the effort to develop a framework for evaluating PV in relation to 
global CO2 reduction. We have examined the issues of PV energy payback; PV CO* reduction; the 
potential of PV technologies to become cost competitive; competing technologies; and constraints 
such as materials availability and waste streams. This is only a first step. For example, we have not 
performed an in-depth study of PV with electric or chemical storage or other similar infrastructure 
issues unique to non-dispatchable sources like PV. 

As PV matures and becomes a more widespread and practical energy option, we shall re-examine this 
question again and again. In the future, we hope to adequately characterize the value of PV in this 
endeavor so that the public and their representative organizations can properly weigh policy af&cting 
PV development. 

Session 3. Million-Roof Initiative: Potential EH&S Issues 

President Clinton announced in June 1997 the ultimate goal for one million solar-energy systems to 
be installed on U.S. rooftops by 2010. He committed the federal government to installing 20,000 
solar systems on its buildings’ rooftops by then. This initiative was the Administration’s response to 
the issue of Global Climate warming. As .discussed in the previous session, PV can make a significant 
contribution in reducing carbon-dioxide emissions in the United States, and the Million-Roof Initiative 
is intended to jump-start the solar market and create the momentum for necessary price reductions 
to achieve this goal. 

Christi Herig, NREL talked about the goals of the initiative and the role the administration envisions 
for the different partners (e.g., industry, states, municipalities, consumers, developers and builders). 
She presented some heartening statistics. In 1998, there were 8,500 solar buildings in the United 
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States, up from only 2,000 the previous year. The projected numbers of solar buildings for 2000, 
2005, and 2010 are 51,000, 376,000 and 1,014,OOO respectively. The DOE wants to identify 
potential EH&S concerns related to such a quick pace of development. 

The most obvious issue relates to the hazards of electric shock and falls during the installation, 
connection, repair, and maintenance of PV roof systems. Ward Bower, Sandia gave an overview 
of codes, certification requirements, and guidelines issued by the IEEE, ANSI, ASTM, IEC and 
the UL. There are many guidelines and standards applicable to PV-system interconnects and 
current efforts at Sandia focus on ensuring that the National Electrical Code includes the PV- 
unique requirements for safe installation of PV building systems. Bower distributed copies of 
draft of NEC article 690 that covers photovoltaic systems, and discussed several considerations 
applicable to PV modules and arrays, (e.g., critical temperatures, voltage ratings, cable and 
insulation types, sizing for safe design, over-current protection, manual disconnects, grounding, 
anti-islanding protection, and in-surge and transient protection). An easy-to-read safety 
document, “IEEE Guide for Terrestrial Photovoltaic Systems Safety” will become available in 
early 1999. Other items that were touched upon by the audience included fire hazards to the 
buildings’ occupants and to firefighters. Questions pending answers include: 1) How are arrays 
disabled so that firefighters are protected when using water on the roof? 2) Do firefighters need 
extra protection from potential toxic vapors emitted from a burning array? 3) Are there any 
environmental issues related to the disposal of roofing shingles and building-integrated modules? 
4) Can the industry meet RCRA and state requirements for landfill disposal, or will 
treatment/recycling be necessary? 

While these concerns are addressed by the industry and solutions are being worked out, it is 
imperative to emphasize the positive aspects of the upcoming scaling-up of building-integrated 
photovoltaics. Paolo Frankl, INSEAD showed that such systems could offer even greater 
benefits in lowering carbon dioxide emissions (on a MW basis) than large stand-alone systems. 
This conclusion is based on energy pay-back time, energy yield, and net CO2 balance from a life- 
of-cycle analysis of current silicon-based photovoltaics. The main advantage of building- 
integrated systems vs. stand-alone ones comes fi-om avoiding the expense and energy intensity 
needed for structural supports. Frank1 also presented a parametric analysis of the effect of future 
system designs, showing that future hybrid PV/thermal roof systems are expected to further 
enhance the potential of PV to mitigate CO2 emissions. 
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1.2 John Bohland 
Recycling as an Alternative to Disposal of PV Modules 



PHOTOVOLTAICS AS HAZARDOUS MATERIALS; THE RECYCLING 
SOLUTION 

John Bohland, Todd Dapkus, Kristin Kamm and Ken Smigielski 
Solar Cells, Inc. 

1702 North Westwood Avenue, Toledo, Ohio, 43607, USA 

ABSTRACT 
Because traditional and newer PV technologies contain potentially hazardous 
materials, PV manufacturers are becoming increasingly aware that end-of-life 
modules and intermediate scrap materials must be managed according to 
environmentally sound practices and in compliance with international, national and 
regional regulations. Instead of disposal, we report methodologies to recycle both 
newer, thin-film PV technologies and conventional, crystalline silicon PV. This 
paper details these recycling processes; processes that reduce scrap material 
management costs, reduce regulatory and liability burdens, and increase global 
market acceptance of all PV technologies. 
KEYWORDS: Recycling - 1: CdTe - 2: Silicon - 3 

1. INTRODUCTION 

Photovoltaic modules contain potentially hazardous materials such as cadmium, lead, 
selenium and silver. These metals demand prudent scrap material management practices 
throughout the PV module life cycle to avoid environmental and human heath risks and to 
comply with existing regulations. 

Even now, PV manufacturers must comply with disposal restrictions (in the US) based 
on certain leachable metal concentrations. Metals of regulatory concern commonly present 
in PV modules include cadmium, lead, selenium and silver. For instance, a standardized 
leaching test resulting in greater than 1 mg/l cadmium, or greater than 5 mg/l lead, requires 
disposal management as a hazardous waste according to US federal law [l]. The 
implications of these regulations for PV manufacturers were discussed in more depth 
recently by Eberspacher and Fthenakis [2]. 

This work shows that several economic and environmentally benign reclamation 
methods to reclaim module scrap for both thin-film and crystalline silicon PV have already 
been developed and practiced. 

2. RECYCLING TECHNOLOGY SUMMARY 

To provide alternative end-of-life disposal options, and recover valuable raw materials 
such as glass PV substrates and semiconductor materials, Solar Cells, Inc. has developed 
three specific reclamation technologies applicable to both conventional crystalline silicon 
PV modules and newer thin-film materials. The technical details of these processes, their 
economics, and SCI’s experience to-date follow. 

For Solar Cells’ cadmium telluride (CdTe) thin-film modules, two recycling 
technologies have been developed. The first was designed to address the end-of-life 
module issue. Solar Cells interprets “end-of-life” as the point at which a CdTe PV module 
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can not be economically refurbished for any further use. For instance, if external electrical 
lead wires fail or are damaged, repair and further use in a secondary market may be 
possible. However, if the encapsulant fails or the front or back glass substrate breaks, 
repair is probably not viable and the module must be disassembled for reclamation. Glass 
breakage has been the largest contributor to the end-of-life condition at existing Solar 
Cells’ arrays. 

2.1 End-of-Life Thin-Film PV Recycling 
Beginning with a broken module, disassembly commences. The external module power 

lead wires are removed at their termination in a reaction injection molded polyurethane 
potting disc using a wire cutting tool and salvaged for their copper scrap value. The 
module is then loaded into a “skip hoist” bucket elevator conveyor, currently up to three at 
a time, for delivery into a hammer mill. The hammer mill quickly (within seconds) reduces 
the module glass to between 4 and 60 mesh (4.76 mm to 0.25 mm) where it passes through 
the hammer mill sizing screen and onto a high speed, high incline belt conveyor. During the 
milling process, ethylene vinyl-acetate (EVA) encapsulant material is also fractured and 
freed from the module’s front and back glass substrates. It is discharged from the mill in 
greater than 4 mesh (4.76 mm) pieces. The tin-coated copper buss bars used for current 
collection from the solar cell remains adhered to the EVA and follow this stream through 
the process. The belt conveyor transfers the crushed glass and EVA pieces to a neoprene- 
lined rotating conical barrel-finishing machine where the CdTe semiconductor and back 
metal electrode are dissolved using an acid etchant. , 

The friable glass and EVA leave the mill quickly, but the large elastomeric (about 8 cm 
in diameter) polyurethane potting and mounting discs that were chemically adhered to the 
module back-glass remain in the mill for about 30 seconds in order to completely free the 
mounts from glass. Then, an air-cylinder actuated trap door is opened and they are 
discharged into an isolated receptacle for recovery. Thus, one extremely simple and 
effective machine disassembles and separates all module components. Several uses are 
possible for the recovered polyurethane disks; grind them and use them as an impact 
modifier in new polymer formulations, use the mounts as packing material or fuel, or re-use 
them directly in the recycling process in the barrel-finishing machine as media to prevent 
glass clumping during the semiconductor etching process. This completes disassembly. 

For CdSKdTe thin-film modules, an etchant formula consisting of 2 to 4 N sulfuric 
acid, 1% to 2% by weight hydrogen peroxide, and a small percentage of an acid stable 
surfactant is added to the barrel-finishing machine. Complete removal of the 
semiconductor and metal electrode layers from the glass and EVA occurs at ambient 
temperature in 15 minutes or less (depending on ambient temperature) due to the 
aggressiveness of the acid and the vigorous glass on glass particle attrition caused by the 
barrel rotation. Under these process conditions, the tin from the tin-coated copper bus bar 
is removed but the copper is not itself significantly etched. No fume scrubbing equipment 
is required for this equipment. 

After etching, the barrel is lowered and the spent etchant is decanted over a gyratory 
vibrating screen equipped with two screen decks; one at 4 mesh (4.76 mm) and one at 60 
mesh (0.25 mm). After an on-screen water rinse, the EVA, with the copper buss-bar still 
adhered, is separated on the top (4 mesh screen) and is delivered to a receptacle. The next 
screen deck, at 60 mesh, separates all but the finest glass pieces and delivers them to 
another receptacle. The EVA, representing about 3% of the module weight, can be ground 
and used as an impact modifier in new polymer formulations, used directly as packaging 
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material, or simply burned for its fuel value. The contamination of the copper buss-bar may 
reduce the applications of this material without further treatment. 

About one percent by weight of the glass is smaller than 60 mesh and passes through ’ 

the second screen deck, along with the spent etchant, in an etchant accumulation and glass 
fines settling sump tank. This glass is removed periodically and returned to the bulk glass 
cullet stream, all of which is suitable for recycling by a glass manufacturer. About 95% of 
inputted glass is recovered. 

The spent etchant is pumped through a bag filter to remove any still suspended glass 
fines into a chemical precipitation tank where sodium carbonate is used to neutralize the 
acid etchant and precipitate all the dissolved metal species. Sodium carbonate is the 
preferred precipitation agent because cadmium carbonate, the precipitation reaction 
product, has less than 1 mg/l solubility at relatively low pH. The etchant is precipitated to 
between pH 8 and 9, acceptable to the Toledo, Ohio wastewater treatment works. After 
settling, the supematant, containing only the sodium sulfate neutralization by-product, is 
pumped to the sanitary sewer discharge line after a cartridge filter polishing step. Cadmium 
concentrations in the discharged supematant are consistently less than 0.1 mg/l; the 
discharge limit is 0.3 mg/l. The cadmium concentration in each batch of supematant is 
measured and recorded before it is discharged. The precipitate sludge containing the 
cadmium, tellurium, tin, and other metals from the module back metal electrode contact is 
pumped to a sludge conditioning tank where lime or diatomaceous earth is added to bulk 
the sludge and allow more efficient de-watering when filter-pressed. A small (0.5 ft3) plate 
and frame filter press is used to increase the metal laden sludge from about 4% solids to 
60% solids. The effluent from the sludge press is returned to the precipitation tank instead 
of directly discharged because some metal-containing solids may pass through the filter 
cloths at the beginning of the filter press run. 

Finally, the de-watered sludge is removed from the filter press and placed in a small 
alkali extraction vessel where tellurium, the one metal of commercial value from the CdTe 
PV modules, is extracted in concentrated potassium hydroxide. After extraction, the 
sludge is re-pressed in the filter press to separate the remaining undissolved metals, 
including the cadmium, from the resulting potassium tellurite extraction solution. This 
sodium tellurite electrolyte is electroplated in a custom electrowinning vessel and can be 
sold as commercial (99.7%) tellurium at market value. Recent evaluations show the 
tellurium recovery yield to be consistently above 80%. The remaining cadmium rich mixed- 
metal sludge is sent to INMETCO, a smelter in Ellwood City, Pennsylvania that has earned 
the United States Environmental Protection Agency’s title of “Best Demonstrated Available 
Technology” for cadmium disposal. The cadmium is recovered in this process and can be 
used eventually for nickel-cadmium battery feedstock. The general arrangement elevation 
drawings in Figures 1 and 2 show the module disassembly and etching equipment, and 
effluent treatment equipment, respectively. 

Figure 1: CdTe module recycling disassembly and etching equipment drawing 
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Figure 2: CdTe module recycling effluent treatment equipment drawing. 

This reclamation technology is also applicable to copper indium diselenide (CIS) thin- 
film modules. A small-scale experiment has shown that the same etchant formulation used 
to etch CdTe modules is effective in removing the CIS film from its substrate glass. 
Though indium has significant reclaim value, recovery chemistry for it has not been 
investigated and may not be practical given the complex matrix of the CIS cell and the 
amount of indium available.. 

A more thorough description of the Solar Cells’ CdTe module and review of the 
chemistry and equipment used in this patent-pending process were presented at the 26* 
IEEE PVSC [3 3. 

2.2 Thin-Film Manufacturing Scrap Recycling 
A second, proprietary technology was developed by Solar Cells for recovering early 

stage (unlaminated) manufacturing scrap. Early stage fall-off results mainly from start-up 
waste when a new coating run is begun. 

This novel, proprietary process allows economic recovery and direct re-use (re-coating) 
of the solar cell substrate. 

2.3 Crystalline Silicon PV Recycling 
Solar Cells, Inc. is the first PV company to successfully apply the principles of inert gas 

pyrolysis to the problem of reclaiming intact and functioning silicon PV cells from 
encapsulated crystalline silicon (x-Si) PV modules. Though previous work has been done 
on x-Si module recycling it resulted only in recovery of the silicon wafer material itself, not 
functioning and potentially re-usable x-Si cells [4]. 

Study of a thermogravimettic analysis chart showing weight loss vs. temperature for 
EVA led to the hypothesis that using inert gas pyrolysis may be a cost efficient way to 
recover intact and functioning crystalline silicon cells from encapsulated x-Si module scrap 
[S]. Using pyrolysis, instead of combustion, results in controllable, (non-exothermic) 
polymer decomposition without creating carbonaceous by-products that render recovered 
silicon cells unusable. 

To test this idea, crystalline silicon cell “coupons” were fixtured in a Lindberg quartz 
tube furnace and heated in a nitrogen atmosphere for about an hour at temperatures over 
500°C. The coupons were fixtured to allow gravity drainage of intermediate liquid polymer 
decomposition products away from the delaminated wafer. The Tedlar@ backsheet was 
removed prior to the pyrolysis step by gently heating the coupon then m’anually peeling the 
back sheet from the EVA encapsulant. 



Figure 3: Pyrolytically de-laminated silicon cell. 

Under these conditions, an unlaminated cell measuring 12.8% total efficiency was re- 
measured at 10.7% after delamination by the inert gas pyrolysis technique. The recovered 
cells were clean and nearly residue-free. Figure 3 shows a photograph of a cleanly 
recovered silicon cell. 

Optimized process conditions, using equipment with faster temperature ramp-up 
capabilities, perhaps combined with directed convective nitrogen gas flows, or even heating 
under reduced pressure will result in even better recovered cell performance and 
appearance. 

A patent application is underway for this process. A detailed technical report on this 
methodology was presented at the 26* IEEE PVSC [6]. 

3. RECYCLING ECONOMICS 

We commissioned the world’s only CdTe PV module recycling plant in March 1998. 
From this limited operating experience, economic analyses based on three cost scenarios 
have been developed. 

3.1 Hazardous Waste Cost Avoidance Model 
The first scenario is the break-even hazardous waste disposal cost avoidance model for 

in-house manufacturing scrap. Solar Cells has been quoted US $360 per 55 gallon drum 
container of non-combustible hazardous waste disposal. About 720 pounds of crushed 
glass (modules) will fit in a 55 gallon drum. If end-of-life CdTe modules required disposal 
management as a hazardous waste, disposal at a permitted hazardous waste site would cost 
US $0.35 per W,, or US $0.50 per pound. Based on actual capital equipment costs, labor 
requirements and other operating and overhead costs, the recycling cost break-even point is 
reached at an annual volume of 2,000 modules, assuming 35 pounds per module. In other 
words, the recycling facility can process this throughput of modules for US $35,000 (the 
same cost as hazardous waste disposal of this quantity of modules) assuming capital 
equipment and installation costs are amortized over a ten year lifetime. 
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3.2 Maximum Throughput Model 
The second scenario is the maximum throughput, in-house manufacturing scrap model. 

Here, if the recycling facility is run at its maximum annual recycling capacity of 2 MW 
(about 40,000 typical Solar Cells’ modules), the cost is diluted to just over US $0.02 per 
W,,, or about US $0.03 per pound, comparable to the cost of disposal of trash in a non- 
regulated landfill. 

3.3 Maximum Throughput, Stand-Alone Model 
The third scenario, a stand-alone CdTe module recycling facility, again processing 2 

MW of typical Solar Cells’ CdTe modules, but now including costs incurred from facility 
burden and transportation, results in an estimated processing cost of US $0.12 per W,, or 
US $0.17 per pound. A comparable estimate has been made by Eberspacher of UNISUN 
[7]. Though this cost may be a sizable fraction of the original manufacturing cost, recycling 
remains a much more cost effective option than disposal as a regulated waste. 

Rccyding Cost Summary 

Figure 4: Graphical cost summary of Stand-Alone and In-House operating models Vs. 
Throughput. 

3.3 Thin-Film Substrate Recovery Pay-Back 
For early stage fall-off recycling, the whole value of the substrate glass is recovered and 

pay-back for installing and operating the recycling apparatus is estimated to occur after 
processing 2,100 current Solar Cells’ CdTe substrates. This would occur in just over 3 
months assuming 4% fall-off from a 10 MW coating line and certain operational, material 
and capital costs. 

3.4 Crystalline Silicon Cell Recovery Pay-Back 
Last, silicon cell recovery has been estimated to cost $0.13 per watt, based on 

reclaiming 250,000 x-Si cells annually, including labor, capital equipment and operating 
costs. However, this estimate does not include pollution control equipment to recover or 
combust the EVA pyrolysis by-products, transportation, facility costs, or the value of other 
recoverable components of the x-Si module such as the aluminum frame or Tedlar@ 
backsheet. Even so, since silicon cells may cost at least US $1 SO per W, to produce, a 
significant opportunity exists for recycling x-Si cells for its own economic merit, as well as 
to avoid environmental liabilities. 



4. SOLAR CELLS EXPERIENCE 

Solar Cells has recently completed the first full-out test of its recently commissioned 
CdTe module recycling line. In one eight hour period, 3,600 pounds of modules were 
recycled or 450 pounds per hour. This compares with a plant design throughput of 700 
pounds per hour. With more experience and process optimization, full design throughput is 
expected. 

Over 1,200 accumulated early stage manufacturing fall-off substrates have been 
reclaimed, already resulting in over 50% pay-back of the apparatus used for this process. 

While the x-Si recycling technology has not been implemented, it remains an economic 
way to recycle scrap crystalline silicon PV modules as market or regulatory forces demand 
it. 

5. SUMMARY 

For many reasons, including preventing unlikely but possible environmental damage 
from irresponsible PV disposal practices, conserving relatively rare mineral resources like 
tellurium, reducing the energy component of PV life cycle assessments, complying with 
current and future regulatory requirements, and simply increasing market acceptance by 
keeping a “green” product “green”, recycling makes sense. 

Cost effective, environmentally benign and scaleable PV scrap management options that 
result in true recycling of the major module components instead of simply converting one 
type of waste into another have been developed and practiced. Photovoltaic products now 
enjoy recyclable status similar to other electronic devices such as nickel-cadmium batteries, 
circuit boards, computer chips, cathode ray tubes, and copier toner and printer ink 
cartridges. 
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Recycling Metals from CdTe and CIS PV Modules 
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ABSTRACT: The manufacturing of silicon devices - from polysilicon production, crystal 
growth, ingot slicing, wafer cleaning, device processing, to encapsulation - requires many steps 
that are energy intensive and use large amounts of water and toxic chemicals. In the past two 
years, the silicon integrated-circuit (IC) industry has initiated several programs to promote 
environmentally benign manufacturing, i.e., manufacturingpractices that recover, recycle, and 
reuse materials resources with a minimal consumption of energy. Crystalline-silicon solar 
photovoltaic (PV) modules, which accounted for 87% of the worldwide module shipments in 
1997, are large-area devices with many manufacturing steps similar to those used in the IC 
industry. Obviously, there are significant opportunities for the PV industry to implement more 
environmentally benign manufacturing approaches. Such approaches often have the potential 
for significant cost reduction by reducing energy use and/or the purchase volume of new 
chemicals and by cutting the amount of used chemicals that must be discarded. This paper will 
review recent accomplishments of the IC industry initiatives and discuss new processes for 
environmentally benign silicon solar-cell manufacturing. 
Keywords: c-Si - 1: Manufacturing and Processing - 2: Environmental Effect - 3 

1. INTBODUCTION 

With the worldwide photovoltaic (PV) solar energy market expanding rapidly and the 
demand outpacing supply, the crystalline-silicon solar PV module is finally becoming a 
commercially viable product. Most of the newcomers and the capacity expansions of existing 
producers are based on either single-crystal silicon grown by the Czochralski (Cz) method or 
polycxystalline silicon by casting. There are also increasing numbers of suppliers who are 
developing production equipment for the industry based on best-known practices (BKPs) of 
silicon solar cell and module processing. Because solar electricity generation is a large-area 
application, it is likely the PV industry will eventually use more silicon than even the integrated- 



circuits (IC) industry. It is important at this stage to review the environmental impact of the 
rapidly growing silicon PV industry and to find opportunities for improving energy efficiency 
and productivity and reducing environmental impact. 

The manufacturing of semiconductor silicon devices - from polysilicon production, crystal 
growth, ingot slicing, wafer cleaning, device processing, to encapsulation - requires many steps 
that are energy intensive and use large amounts of water and toxic chemicals. In the past two 
years, the IC industry has initiated several programs to promote environmentally benign 
manufacturing, i.e., manufacturing practices that recover, recycle, and reuse materials resources 
with a minimal consumption of energy. One of the programs is the establishment of the 
Engineering Research Center for Environmentally Benign Semiconductor Manufacturing on 
April 15, 1996, with an initial funding of US$lO million from the United States National 
Science Foundation (NSF) and Semiconductor Research Corporation (SRC). Crystalline- 
silicon modules accounted for 87% of the worldwide PV module shipments in 1997 and 93% 
of those modules shipped for outdoor applications [l]. Silicon PV module manufacturing has 
many steps similar to those used in the IC industry. Although the annual sales of the worldwide 
silicon PV module industry is about 400 times smaller than that of the IC industry, the PV 
industry consumes about 10% of the worldwide polysilicon production. Obviously, there are 
significant opportunities for the silicon PV industry to learn from new developments in the IC 
industry and to implement more environmentally benign manufacturing approaches. Such 
approaches often have the potential for significant cost reduction by reducing the purchase 
volume of new chemicals and by cutting the amount of used chemicals that must be discarded. 
Because PV manufacturing has lower semiconductor material-quality requirements than IC 
manufacturing, some lower cost and more environmentally sound processes may be acceptable 
for PV manufacturing even though they don’t meet the stricter requirements of IC 
manufacturing. 

It is not possible to review here in detail all the steps involved in the manufacturing of 
silicon PV modules. We will simply highlight some areas where we think opportunities exist to 
make the module manufacturing process more environmentally benign. 

2. INDUSTRY INITIATIVES AND RESOURCES 

Three recent initiatives by the semiconductor industry in the environmentally benign 
manufacturing area could produce results that also benefit the PV industry: (1) The National 

Science Foundation and the Semiconductor Research Corporation jointly established the NSF- 
SRC Engineering Research Center for Environmentally Benign Semiconductor Manqfaacturing 
on April 15, 1996 [2]. SRC is a consortium of 65 corporations and government agencies that 
plans, directs, and funds the semiconductor industry’s pre-competitive, long-term research [3]. 
(2) In April 1997, the international trade association for the semiconductor industry, 
Semiconductor Equipment and Materials International (SEMI), created a new Environmental 
Health and Safety Division that will explore worldwide environmental priorities for the 
industry [4]. (3) In October 1997, the Electric Power Research Institute (EPRI) and 
SEMATECH Corp. formed a new center, the EPRI Center for Electronics Mawfacturing, to 
address productivity, environmental, and energy issues in the electronics industry [5]. 
SEMATECH is a non-profit R&D consortium of U.S. semiconductor manufacturers. 

The NSF-SRC Center carries out research in sii areas of semiconductor manufacturing: 
water conservation, plasma processes, wet chemicals, chemical-mechanical polishing, emission 
of organics, and risk-assessment studies. Some of these research results are presented in a 



weekly teleconference seminar series hosted by the four participating universities: University of 
Arizona, Massachusetts Institute of Technology, Stanford University, and University of 
California-Berkeley [6]. A good source of information on the Environmental, Safety, and 
Health (ES&H) goals of the semiconductor industry is the ES&H Section of the United States 
National Roadmap for Semiconductors [7]. In addition to these semiconductor industry 
organizations, the United States National Photovoltaic Environmental, Health and Safety 
Infarmation Center [8] regularly publishes information on PV ES&H-related issues [9]. 

3. POLYSILICON PRODUCTION 

For the feedstock material used in crystal growth, the silicon PV industry has been relying 
on rejected materials from the IC industry. These rejected materials, about 2,100 metric tons in 
1997, amount to about 10% of the semiconductor-grade polysilicon used by the IC industry. 
This arrangement worked well until 1995 when a shortage of polysilicon feedstock began to 
drive up the cost and limit the growth of the silicon PV industry. If the PV industry continues 
to grow at the present rate, which in recent years has been higher than the growth rate of the 
IC industry, and if crystalline silicon continues to be the dominant technology of the PV 
industry, then we must develop new sources of solar-grade polysilicon. There are two 
possibilities: (1) build new factories dedicated to the production of low-cost (< US$lO/kg), 
solar-grade polysilicon, and (2) find new ways to use the rejected silicon that is not currently 
being used, for example, purifying the about 30% of silicon lost from wafer-cutting operations 
(kerf loss) of semiconductor-grade polysilicon into solar-grade polysilicon. The purity 
requirements for solar-grade polysilicon, according to the Solar-Grade Silicon Stakeholders 
Group, are the following: it is preferred that polysilicon have either B or P doping, with no 
compensation; resistivity at 25°C should be greater than 1 ohm-cm; oxygen and carbon should 
not exceed the saturation limits in the melt; and the total non-dopant impurity concentration 
should be less than 1 ppma [lo]. 

More than 98% of semiconductor-grade polysilicon is produced by the trichlorosilane 
(SiHCl3) distillation and reduction method [11,12]. The trichlorosilane is manufactured by 
fluidizing a bed of fine pulverized metallurgical-grade silicon (MG-Si), which is more than 98% 
silicon, with hydrogen chloride in the presence of a copper-containing catalyst. The MG-Si, 
which costs about US%l/kg, is produced by the reduction of natural quart&e (silica) with coke 
(carbon) in an electric arc furnace. This method of polysilicon production is very energy 
intensive [13], and it produces large amounts of wastes, including a mix of environmentally 
damaging chlorinated compounds. About 80% of the initial metallurgical-grade silicon material 
is wasted during the process. In addition, the semiconductor-grade polysilicon material 
produced by this method far exceeds the purity requirement of the PV industry, and the cost 
(over US$SO/kg, with most of it attributable to the SiHC13 processes) is several times higher 
than what the PV industry can afford [14]. Every watt of crystalline silicon PV module 
generating capacity requires roughly 20 g of polysiliwn. Thus, if the cost of solar-grade 
polysifiwn is US$2O?(g, the cost of polysilicon per watt of a crystalline-silicon PV module is 
USSO.40. It is obvious that less complicated, less energy intensive, more efficient, and more 
environmentally benign methods need to be developed to meet the cost and quality 
requirements of the PV industry. New methods of producing solar-grade polysilicon should 

. either be chlorine free or recycle chlorine internally to reduce cost and avoid damage to the 
environment. 



3.1 Low-Temperature, Chlorine-free Processes for Polysilicon Feedstock Production 
The National Renewable Energy Laboratory (NREL) and Sandia National Laboratories 

(SNL), with funding from the Initiative for Proliferation Prevention (IPP) Program, has 
initiated a joint research program with the Intersolarcenter to study new chlorine-free methods 
of producing solar-grade polysilicon. So far, the most promising method developed by this 
project is one that uses MG-Si and absolute alcohol as the starting materials. This new process 
requires only 15 to 30 kWh of energy per kg of polysilicon produced vs. about 250 kWh/kg of 
the trichlorosilane method. The silicon yield (polysilicon and the main by-product, silica sol) is 
in the 80% to 95% range vs. 6% to 20% for the trichlorosilane method. The eventual cost goal 
is US%10 per kg of solar-grade polysilicon. 

The basic processing stages of this chlorine-free polysilicon production process are the 
following: 
1. The reaction of metallurgical-grade silicon with alcohol proceeds at 280°C in the presence 

of a catalyst: 

Si -+- 3 C2HjOH @@!@ Si(OC2H5)jH + H2. (1) 

2. The disproportion (i.e., simultaneous oxidation and reduction) of triethoxysilane in the 
presence of a catalyst will lead to the production of silane and tetraethoxysilane: 

4 Si(OC2H$3H et SiHq + 3 Si(OC2H5)4 I (2) 

3. Dry ethanol and such secondary products as high-purity Si02 or silica sol can be extracted 
by hydrolysis of tetraethoxysilane. The alcohol will be returned to Stage 1. 

Si(OC2Hg)d + 2 HD - SiO2 + 4 C2HsOH. (3) 

4. Silane is decomposed pyrolytically to pure silicon and hydrogen at a temperature of about 
9ooOc: 

SiHq 850°-900r Si + 2H2. 

The purity requirements for solar-grade silicon are not as high as those for electronic 
applications. Thus, the silane will undergo a simplified cycle of purification, and at Stage 4 the 
less expensive and less energy-consuming process of a fluidized bed reactor can be used, 
instead of the well-known Siemens Process [ 111. 

3.2 Purification of Metallurgical Silicon 
NREL and ENEA (National Agency for New Technologies Energy & Environment) have 

proposed a novel method of producing solar-grade polysilicon by directly purifying MG-Si 
pellets. The process uses the very large surface areas, produced by porous silicon etch on the 
surfaces of the silicon wafer, as sites for gettering impurities in the subsequent high- 
temperature annealing. The details of this process will be presented seperately at this 

conference [ 151. 

* 3.3 New Sources of Silicon Waste from the Electronic Industry 
When wafers are sliced from silicon ingots using a multiple-wire saw, a layer of silicon 

about 250 micrometers thick is lost per wafer. This kerf loss is higher for inner-diameter (ID) 



saws. Depending on the wafer thickness, this kerf loss represents from 25% to 50% of the 
ingot material, several times the quantity of the material that is presently used by the PV 
industry. Presently, the solar industry uses mainly Cz ingot top and tails, pot scrap, and rejected 
wafers from the IC industry { 141. If a method can be developed to produce solar-grade 
polysilicon by purifying the kerf remains of semiconductor-grade ingots, enough polysilicon 
would be generated for over 300 MW/year of crystalline-silicon solar cells, i.e., more than two 
times the size of the current silicon solar-cell production. 

4. CRYSTAL GROWTH 

There are four types of crystalline-silicon solar cells: single-crystal, polycrystalline, ribbon, 
and silicon film deposited on low-cost substrates. In 1997, market share of the worldwide PV 
cell and module shipment for the four types of crystalline-silicon solar cells were 49.6% for 
single-crystal, 34.0% for polycrystalline, 3.2% for ribbon, and 0.4% for silicon film [ 11. Crystal 
growth from a silicon melt generates relatively little waste. The main concern is the energy 
required and the amount of argon gas used during crystal growth. Electricity and argon needed 
for Cz growth are the highest among the four types of silicon materials [ 131. Recently, 
however, the world’s largest manufacturer of Cz silicon solar cells, Siemens Solar, Industries, 
announced a joint project with the Northwest Energy Efficiency Alliance to cut the amount of 
electricity used to grow crystals, and yield savings of 40% to 50% [ 161. 

5. WAFER SLICING AND CLEANING 

5.1 Wafer Slicing 
In the last six years or so, the PV industry has made the transition from using ID saws for 

wafer slicing to using multiple-wire saws. Multiple-wire saws can improve wafer yield per unit 
length of ingots by over 50% because of lower kerf loss and thinner wafers. However, wafer 
slicing is still one of the most expensive processes in silicon solar-cell manufacturing because of 
the large quantities of consumables (stainless-steel wire and abrasive slurry) and the kerf loss. 
During wafer slicing, ingots are bonded to a ceramic submount with hot-melt adhesive and 
sliced into wafers using multiple steel wires to which an abrasive slurry is fed. The slurry is 
composed of silicon carbide (Sic) and mineral-oil-based or glycol-based slurry vehicle. Oil- 
based slurry is commonly used by the PV industry. Compared to the water-soluble, glycol- 
based slurries more commonly used by the IC industry, oil-based slurries produce more 
environmentally damaging wastes and require more extensive wafer cleaning. The added cost 
and the process changes needed for the PV industry to switch over to glycol-based slurry need 
to be investigated. Methods of proper disposal or recycling of the stainless-steel cutting wire 
also need be studied, as does the effective recovery of the Sic in the slurry. The development 
of water-base slurries will also help reduce cost and environmental damage. 

5.2 Wafer Cleaning and Etching 
The cost of chemical waste disposal is high. It is important for the PV industry to find ways 

to reduce chemical consumption and waste generation through xwce reduction, recovery, 
recycle, re2lse, intd substitution. Because wafer cleanliness for PV is not as critical as for IC 
manufacturing, a safe choice, in terms of making sure the highest quality and most extensive 
cleaning procedures are used, is not necessarily the right choice in terms of cost reduction and 



environmental safety. Certain methods, such as dry cleaning processes, although not adequate 
for the IC industry standards, may be sufficient for the PV industry. For example, centrifugal 
shear carbon dioxide cleaning [ 171 is worth considering as an alternative to organic solvent 
and/or hot detergent cleaning methods for wafer degreasing and cleaning after slicing. This 
process uses carbon dioxide in three coexisting phases: liquid, supercritical, and dense-gas. 
Operating temperature ranges from 298 K to 3 10 K, and pressure ranges from 56 ATM to 100 
ATM. CO2 gas is non-flammable, non-combustible, and non-corrosive, and is abundant, 
inexpensive, and reusable. Compressing CO2 at about 70 ATM and at temperatures below its 
critical temperature (305 K) liquefies the gas. Compressing CO2 above its critical temperature 
and pressure (72.9 ATM) does not cause a phase change, yet the density of the gas may be 
liquid-like. Static and dynamic cleaning processes employing the multi-phase CO1 system have 
been developed. The excellent cleaning abilities derive from a combination of solvent cleaning 
power and, in the dynamic processes, by physical cleaning action. Although CO2 at these 
pressure and temperature conditions presents densities comparable to other cleaning agents 
(about 500 g/L), it has a viscosity comparable to gases. For instance, it is from 10 to 30 times 
smaller than 1, 1,l -trichloroethane (TCA). 

For texture etching and/or surface damage removal, most of the PV industry has been using 
sodium hydroxide etchant. NaOH etchant is considerably cheaper and easier to dispose of than 
the conventional hydrofluoric-nitric-acetic acid etchant. In an NREL-funded program, Siemens 
Solar Industries found that the caustic waste per wafer generated by the saw-damage-removal 
etching process was reduced by about 20% after the switch from ID saws for wafer slicing to 
multiple-wire saws [ 181. This is because the wire-sawn wafers require less etching to remove 
saw damage. 

The Photovoltaic Device Fabrication Laboratory (PDFL) at Sandia National Laboratories 
has had a program to continuously monitor and reduce chemical usage since the laboratory 
began operations in 1989. The chemical waste generation has been reduced by nearly 75% 
since 1990 by using three procedures: (1) eliminate and/or replace hazardous chemicals, (2) 
recycle chemicals, and (3) reduce usage of remaining hazardous chemicals. A key feature of 
this effort was the use of statistical experimental designs to screen chemicals for their 
effectiveness in wafer cleaning and statistical process control to ensure that chemical-reduction 
changes did not impact the manufacturing process. An experiment was performed that used 
statistical designs to examine the effect of 22 different parameters associated with chemical 
cleaning of wafers. The experiment was able to eliminate a popular, but expensive, chemical 
(hydrogen peroxide) that is widely used in the IC industry for cleaning silicon wafers. 
Subsequent experiments and changes in procedure have eliminated sulfuric and phosphoric 
acids from PDFL. 

Hydrofluoric (HP) acid solution is used for wafer cleaning, dopant oxide removal, and 
diffusion tube and quartzare cleaning. It accounts for a very large percentage of the total 
hazardous waste generated by silicon solar-cell manufacturing. It is possible to reprocess used 
HF solutions using reverse osmosis [ 191. A cost-benefit analysis indicates that, for a system 
with a capacity of 1000 gal/day, about one US dollar is the net savings for every gallon of I-IF 
solution reprocessed [20]. 

5.3 Optimizing Water Use and Reuse 
The semiconductor industry worldwide spends as much on ultrapure water as on wet 

chemicals for wafer processing, about US$700 million each in 1996 1211. The net-feed water 
use by the IC industry averages about 30 gallons per square inch of wafer processed in 1997. 
The current United States National Roadmap for Semiconductors recommends decreasing the 



net-feed water use to 10 gallons/ii2 in 2000 and 2 gallons/in2 in 2012 [22]. The NSF/SRC 
Center is studying methods to decrease water usage by more efficient rinse processes, water 
conservation in cooling, scrubbing and washing, and by lowering idle flows [23]. 

The silicon PV industry, of course, uses significantly less water per wafer than the IC 
industry. However, the value of the final product per wafer of the PV industry is orders of 
magnitude less than that of the IC industry. Obviously, water use by the PV industry is a 
significant cost factor that needs to be carefully studied. It is also not clear whether the PV 
industry really needs to use the same high-purity deionized water as that used by the IC 
industry. Water purity in the semiconductor process is typically measured in a bath with a 
resistivity monitor. The resistivity is inversely proportional to the ionic concentration of 
chemicals. At 25”C, water can exhibit a resistivity of 18.2 megaohm-cm if no impurities are 
present. The American Society for Testing and Materials (ASTM) has set four types of 
requirements for electronic water [24]. The resistivity (in megaohm-cm) at 25°C for the 
highest-grade electronic water, Type E-l, should be above 18.0 for 95% of the time and never 
less than 17.0. Type E-2 should be above 17.5 for 90% of the time and not less than 16.0. Type 
E-3 should be above 12.0. Type E-4 should be above 0.5. Type E-l water, which costs 1 to 2 
US dollars per 100 gallons, is intended for use in the production of devices having line widths 
below 1.0 micrometer. Type E-2 water is for line widths below 5 micrometers and is probably 
more than adequate for even the most critical wafer-cleaning needs of the PV industry. Even 
Type E-3 may be adequate in most cases. 

Reclaiming water is also an important issue to be investigated by the PV industry. For every 
dollar spent to generate and process ultra-purity water by the IC industry, about $0.60 is spent 
treating the industrial wastewater. According to SEMATECH, 70% of its members are 
reclaiming at least some of their water. Careful design of the methods of recycling used water 
back to the feed makeup for the water purification plant and the methods of reclaiming water 
for use in support processes, such as cooling and gas scrubbing, is important for reducing the 
cost of PV manufacturing. 

6. SOLAR CELL PROCESSING 

For junction diffusion, either a belt furnace or a tube furnace is typically used. Tube 
furnaces traditionally use a POC13 liquid source dopant, which generates toxic P20s and Cl2 
effluents and requires frequent cleaning of difIi.tsion tubes using HF solutions. Belt furnaces are 
more environmentally benign because they can use water-soluble, non-toxic, spin-on or spray- 
on dopants or vapor dopants and do not require HF cleaning. Optically enhanced doping 
methods, such as the solar furnace doping proposed by NREL [25], are also environmentally 
benign alternatives. 

Edge trimming to remove electrical shorts between the front and back junction can be done 
either by laser cutting or plasma etching. Because of its very high throughput, CF, + 02 plasma 
etching is commonly used by the PV industry. However, CF4 is one of the perfluorinated 
compounds (PFCs) that has no known natural destruction mechanisms, and thus, has a large 
global-warming potential [26]. The PV industry needs to either find an alternative to the CF4 
and O2 plasma etch or improve the effluent treatment to include PFC capture and recycling. 

Antireflection coatings can be deposited by vacuum evaporation, plasma deposition, 
atmospheric-pressure chemical vapor deposition, and spin-on liquids. Silane, which is 
pyrophoric, is commonly used in depositing silicon nitride antireflection coatings [27]. A safer 



alternative, chlorosilane, which is non-pyrophoric, has been used successfully by the IC 
industry for silicon nitride depositions [9]. 

For metal electrodes on the solar cells, it is not desirable to use silver-tin-lead solder baths 
after screen printing to enhance the conductivity of the metal grids because of the added lead 
content to the cells. 

7. MODULE ASSEMBLY 

7.1 No-Clean Flux 
Flux, typically a derivative of pine resin, is applied to cell interconnection strips before 

soldering to act as a deoxidizer and to ensure better adhesion between the solder and solar 
cells. Conventional flux leaves residues on the cell surfaces that need to be cleaned with a 
chlorofluorocarbon (CFC) compound. CFCs are known to cause ozone depletion in the 
atmosphere [28]. Recently, water-soluble fluxes and no-clean fluxes, low-residue fluxes that 
could be left on the solar cell after soldering have become widely available [29]. In an NREL- 
funded program, Siemens Solar was able to eliminate the CFC usage in the manufacturing 
facility by switching from conventional solder paste to a “no-clean” solder paste [ 181. The no- 
clean process both eliminates the environmental damaging CFC emissions and reduces costs. 
Siemens Solar also found that, by using a water-soluble flux, the CFC usage can be reduced by 
about 60% over a conventional flux. However, it appeared that water rinse of the cells retained 
moisture during the lamination sequence and caused module reliability problems. 

7.2 Lead-Free Solder 
Lead is a well-known hazard to human health. When disposed of in landfills, it can leach 

into soils and pollute ground water. It is important for the PV industry to remove or minimize 
the use of lead in modules so that proper disposal at the end of module life will not become a 
problem [30]. For example, some European countries have proposed a ban on the landfill 
disposal of electronic products containing lead. There are two sources of lead in a crystalline- 
silicon PV module: solder-dipped electrodes and solder-coated copper ribbons. The practice of 
dip-coating solar-cell contact electrodes is no longer necessary with modem screen-printed 
electrodes, but it is still used by a significant number of module manufacturers. The lead-tin 
solder that coats the surfaces of copper ribbons for tabbing strips is needed to prevent the 
oxidation of the copper and to improve the solderability of the ribbons. However, lead-free 
alternatives to lead-tin solder have been investigated extensively by the printed-circuit-board 
industry [31]. For example, the National Center for Manufacturing Sciences in Ann Arbor, 
Michigan, has recently completed a US$lO-million project that evaluated 79 lead-free solder 
alloys and found seven promising replacement candidates [32]. The International Tin Research 
Institute (ITRI) in Middlesex, England, has also done extensive studies on lead-free solder 
alloys [33 1. 

A very promising alternative for the tin-36% lead-2% silver ribbon coatings commonly used 
by the PV industry is the tin-3.5% silver alloy. It is identified as a promising alternative for the 
standard tin-37% lead alloy by both NCMS and ITRI. The silver in the alloy is needed to 
increase the pull strength of the ribbon. The 221°C melting temperature, although higher than 
the 183°C for the standard lead-tin alloy, is acceptable. Because it is a binary alloy, it should 
have excellent stability. Its resistance to high-temperature fatigue is also good. The present cost 
of the alloy, at US$O. 10 per cubic centimeter, is about twice the standard lead-tin alloy, which 



is the cheapest of the tin alloys. The cost difference between the silver-tin alloy and the lead- 
tin-silver alloy is small. 

8. CONCLUSIONS 

As the silicon PV industry continues to rapidly expand, the environmental impact of its 
manufacturing processes and products will receive increasing attention. It is particularly 
important for a renewable energy technology to address its environmental impact during 
manufacturing because one of the primary benefits of renewable energy generation is its low 
environmental impact. We have discussed several alternative approaches in this paper that are 
both cost effective and environmentally benign. However, the manufacturability and reliability 
of most of these alternative approaches need further investigation. We propose that the silicon 
PV industry form an association of government laboratories, equipment suppliers, and cell and 
module manufacturers to promote more environmentally benign manufacturing approaches. 
This association can also coordinate the PV industry’s interactions with the environmental 
associations of the integrated-circuit and printed-circuit-board industries mentioned in this 
paper. 
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BARRIERS TO PRODUCT STEWARDSHIP 

by Jefferson C. Bagby’ and Robert L. Guye? 
for The Rechargeable Battery Recycling Corporation 

Introduction 

The experience of rechargeable product manufacturers in the collection and 
recycling of used small dry cell rechargeable nickel-cadmium (N-Cd) batteries in 
the United States and Canada has shown that product stewardship programs are 
likely to encounter several unexpected barriers. Organizations establishing product 
stewardship programs may benefit from considering these barriers in their program 
design. 

The specific barriers to product stewardship discussed in this paper are: 

l inartfully drafted laws that fail to match the logistics of product 
stewardship with the realities of the international marketplace; 

l the complexities of establishing a funding mechanism that fairly 
apportions the costs and responsibilities of product stewardship 
among all of the necessary participants; 

l the impact of national laws and international agreements 
regarding antitrust and tax laws upon a non-profit public service 
company; and 

l the impact of national laws and international agreements on the 
transboundary movements of recyclable, yet hazardous, 

materials. 

But first, a description of the RBRC battery collection program: 



RBRC Program Overview 

The Rechargeable Battery Recycling Corporation (RBRC) is a non-profit public 
service company managing the collection and recycling of small dry cell 
rechargeable nickel-cadmium batteries (Ni-Cds) in the United States (US) and 
Canada. Originally established in response to individual US state laws requiring 
“Extended Producer Responsibility” (EPR) for Ni-Cds, the RBRC collection 
program has overcome several unforeseen significant barriers to product 
stewardship. As a result, today the RBRC program may be more accurately 
characterized as a program of “Shared Product Responsibility” (SPR). 

Ni-Cd batteries power portable electric products commonly found in the workplace 
and home including camcorders, power tools, kitchen appliances, cellular and 
cordless telephones, toys, and a host of other modem conveniences. 

Ni-Cds can be recharged several hundred times. Depending on application, the 
total lifespan of a Ni-Cd battery ranges from a few months (commercial use power 
tools) to ten years (home camcorder) with the average life being four years. 
Annually, 900-1,200 million Ni-Cd cells are being manufactured with an expected 
growth rate of 4-6 percent through 2002. These batteries, when spent, may be 
classified as a hazardous waste under the laws of most nations due to their cadmium 
content. 

RBRC’s Charge Up to Recycle/Recharge et Recycle Ni-Cd collection program 
(program) operates in the United States (US) and Canada. Currently, over 22,000 
retail stores and scores of industrial, commercial, and institutional/governmental 
(ICI) facilities voluntarily participate as RBRC collection centers. Participation 
allows retailers to demonstrate environmental regard while requiring no out-of- 
pocket costs. RBRC subsidies ICI participants, partially or completely, depending 
on several variables. 

Over 250 manufacturers of rechargeable products, representing about 75 percent of 
the world’s rechargeable product producers, voluntarily fund RBRC. They do so by 
paying RBRC a license fee to display the RBRC seal, a symbol similar in meaning to 
the German Green Dot. The RBRC seal is always displayed on the Ni-Cd and 
normally on the instruction manual and retail package. Display of the seal indicates 
that the manufacturer has provided for future collection and recycling of the Ni-Cd 
in the US and Canada. 

Inartfully Drafted LAWS, or “EPR” versus “SPR” 

The RBRC program began in response to some US states mandating that battery 
manufacturers collect used Ni-Cds in order to lessen heavy metals in the municipal 
solid waste stream. This was early Extended Producer Responsibility legislation. 
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The “battery manufacturers do it all” approach was destined for failure because 
most battery manufacturers have little direct contact with the consumer. 
Experience, accompanied by an extensive industry lobbying effort, helped 
lawmakers realize that participation by a much broader group than battery 
manufacturers alone would be necessary for successful Ni-Cd collection. 

Second-generation legislation calling for battery “marketers” or those in the stream 
of commerce to share responsibility broadened participation by bringing in product 
manufacturers and distributors. Lawmakers recognized that others besides 
manufacturers must share in the responsibility for the collection and recycling of the 
used product. However, without retailer participation, even the broadened shared 
responsibility group could not meet battery collection mandates. 

Retailer participation is critical because retailers, not manufacturers, have direct 
contact with consumers.3 The consumer holding the used Ni-Cd is most likely to 
discard it into the municipal solid waste stream. Consumers will bring into the retail 
store their used Ni-Cd in order to get the exact replacement battery. At that point 
the consumer can be educated about recycling and their used Ni-Cd easily captured. 

Participation by the retailers and associated consumer advertising conveys a sense 
of presence and collects many batteries. However, the ICI sector overall uses most 
of the world’s Ni-Cds. Individual entities in this sector, such as electric utilities, 
public safety (fire, police) departments, manufacturers, and the military, often use 
Ni-Cds in large numbers and are capable of collecting and properly managing them. 

Today authors of most modem battery collection and recycling legislation recognize 
that imposing collection requirements on battery manufacturers alone is 
unworkable. Instead of focusing on the “producer” of the product to collect and 
recycle the product, enlightened legislators understand that shared responsibility 
among all parties involved with a product is necessary if the product is to be 
successfully moved from the solid waste to the recycling stream. 

Equitable Allocation of Financial Responsibility 

Equitably assigning funding obligations to those benefiting from the manufacture, 
sale, and use of products is philosophically and mechanically difficult. Should any 
product beneficiary be exempted from responsibility? And if so, why? Of those to 
be assessed, how should costs be allocated? If a product stewardship program 
crosses state or national boundaries, how should the recycling monies be shared or 
allocated between states and nations? None of these are easy questions, but they 
have been answered to some extent in the context of the RBRC program. 

Rechargeable product manufacturers around the world discussed these issues over a 
period of several years at various trade association meetings. It was generally 
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agreed that the goal should be to conduct battery collection and recycling in as cost 
effective and efficient a manner as possible. The program should not be an 
expensive “public works” program, as the costs of the program will eventually be 
included in the costs of products sold to consumers. Increasing product costs to 
consumers by any substantial degree would distort the economics of the 
marketplace, and could result in damaging environmental consequences. For 
example, if rechargeable batteries became too expensive, consumers might switch to 
single use primary batteries, thus dramatically increasing the number of primary 
batteries entering the waste stream. 

Cost allocation among battery and product manufacturers, distributors, and retailers 
was a second major consideration. It was agreed that as the costs of the program 
would end up in the final price to the consumer, that collection of the program costs 
be as close as possible to the consumer in the distribution chain was desirable. This 
would prevent additional price mark ups for program costs as the product moved 
through commerce. In addition, since often only the final distributor or retailer 
actually knows whether the product is to be sold in the US or Canada, collection of 
the recycling program costs at a point close to the consumer helps assure that 
recycling fees are not imposed on products destined for other nations. 

RBRC resolved these issues by charging rechargeable product manufacturers a 
license fee to place the RBRC seal on batteries that are sold into the US or 
Canadian markets. This fee is usually collected from the final product assembler, 
distributor, or retailer that has actual knowledge that the product is to be sold into 
the US or Canada. 

Would it have been easier to collect the recycling fee from the handful of Ni-Cd 
battery manufacturers in the world, instead of from over 250 companies selling 
products into the US and Canada? Of course, but none of the Ni-Cd manufacturers 
had any idea of the quantity of their batteries that were ending up in the US and 
Canada. A worldwide study of electronic product markets might generate this data, 
but it is certainly impractical to undertake such a study. 

Antitrust and Tax Law Problems 

Two types of legal issues that are usually not thought of in the context of product 
stewardship have a very real bearing on how such programs are operated. Antitrust 
considerations, in both US law and international law, make the collection of 
information as to market share for the purpose of program cost allocation extremely 
difficult if not impossible. In the US and many nations, collection of market share 
information can quickly lead to lawsuits about anticompetitive conduct. For 
example, if manufacturers collect market share data and use this data to impose 
recycling fees on competitors, some of the competitors are likely to allege that they 
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are being illegally overcharged. This may be discriminatory pricing, forcing some 
companies.out of the market. 

Further, if manufacturers agree to raise the price of their product across the board 
for the purpose of paying collection program costs, they are likely to be charged 
with “per se” price fixing. This can result in severe criminal and civil penalties. 

Thus, any legislation that requires cost allocation based on market share must 
contain provisions dealing with antitrust laws. And, as these laws exist at the 
national and international levels, it may not be possible for any nation or state to 
unilaterally relieve manufacturers from their antitrust law obligations. 

Once a funding source is acquired, tax authorities are quick to claim their share. As 
noted above, RBRC was established as a non-profit public service corporation. 
This was to eliminate the payment of income tax on recycling program funds 
existing at the end of the fiscal year. The amount of such f5nds may become 
substantial over time, especially if the program collects money today for products to 
be recycled several months or years hence. For products such as Ni-Cds, front-end 
collection of substantial funds is necessary as Ni-Cds will still need to be collected 
and recycled far into the future, even after Ni-Cds are no longer being 
manufactured. Other battery technologies will likely eventually replace Ni-Cds. 

When the RBRC program moved from the US into Canada, RBRC discovered that 
simply being a non-profit corporation in the US did not mean it was non-profit in 
Canada. In fact, Canadian tax law.did not explicitly provide for the situation where 
a US non-profit would conduct operations in Canada. Revenue Canada finally 
required RBRC to incorporate a Canadian subsidiary, complete with all the 
corporate overhead that entails, within Canada. A for-profit corporation would not 
have been required to do this to conduct business in Canada. So, to protect the 
RBRC recycling program funds from end of year taxes, and thus to keep the costs 
of the program down for consumers, RBRC had to spend additional money for 
unneeded corporate overhead. 

The non-profit tax issue needs to be addressed in the larger context of product 
stewardship programs worldwide. 

Transboundary Movement of Recyclable Hazardous Materials 

Many used products, including Ni-Cd batteries, are technically “hazardous waste” 
when they are sent to recycling. Recently national governments and international 
non-governmental organizations have recognized that laws impede product 
stewardship when they treat relatively harmless post-consumer products destined 
for recycling as hazardous wastes or dangerous goods. Where multiple jurisdictions 
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make up what could otherwise be an economically viable area for product 
stewardship, the jurisdiction or jurisdictional subdivision with the most restrictive 
laws, determines the viability of collection and recycling. 

In the US, the Environmental Protection Agency (EPA) recently promulgated the 
“Universal Waste Rule,” essentially deregulating certain common hazardous wastes 
such as used batteries, mercury thermostats, and certain pesticides when they are 
shipped for recycling. This allowed the collection of these wastes at the same 
locations where they are sold new to the public, and allowed shipment of these 
wastes to recycling without use of a manifest or hazardous waste hauler. It was 
only after the adoption of this new rule that the RBRC program was able to expand 
to over 22,000 drop-off locations. 

Changing US law to treat used Ni-Cds as used consumer products or a common 
good rather than a hazardous waste for purposes of collection, storage, and 
transportation enabled the transformation of RBRC’s formerly anemic US 
patchwork program into a model for successful collection. 

. 

Current Canadian laws, similar to US laws before US EPA changed its rules, also 
inadvertently impede Ni-Cd recycling by treating Ni-Cds as a dangerous good and 
hazardous waste. Such regulation unnecessarily burdens recycling with 
unproductive costs for such things as mandatory storage in a permitted hazardous 
waste facility and shipping as a dangerous good rather than as common good. 
Again, as in the US, Canadian regulators do not intend to frustrate collection efforts 
but are themselves tied up by existing regulations which treat used consumer 
products as toxic or hazardous waste. 

International proponents of product stewardship must recognize that it is neither 
economically feasible, nor perhaps desirable, for recycling operations for all types of 
hazardous wastes to be located in every nation of the world. Pending international 
restrictions on the transboundary movement of certain hazardous wastes for 
recycling, such as used batteries, may ultimately prove counterproductive to 
worldwide efforts for product stewardship. 

Conclusions 

Based on the RBRC experience in the US and Canada, Extended Producer 
Responsibility programs would be better characterized as Shared Product 
Responsibility programs, at least if they are to be effective. All participants in the 
global marketplace must be engaged in product stewardship for any program to be 
effective. This includes component manufacturers, product assemblers, distributors, 
retailers, consumers, and all end users of products. An additional yet most critical 
participant in SPR is government. 
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Government can contribute most by drafting legislation and regulations that 
recognize the many players in the international marketplace. Product “producers,” 
on their own, cannot take on the entire task of stewardship. SPR laws must take 
into account the realities of cost allocation, including restrictions from antitrust laws 
and the additional overhead caused by tax laws. Finally, once there is a plan for 
cost allocation, the environmental and transportation laws, at the local, national, 
and international level must be reviewed to assure they do not impede efficient 
collection and transportation to recycling. 

Jefferson C. Bagby is a partner in the Washington law firm of Guyer, Bugby & Zimmerman, 
PC. Formerly with the U.S. Geological Survey O&e of Hazardous Waste Hydrology, he did 
instrumentation design for nuclear and hazardous waste research projects at the Hanford 
National Laboratory, Oak Ridge National Laboratory, Nevada Test Site, Idaho National 
Engineering Laboratory, and Three Mile Island. He supervised private Superfund site 
remediation in New York, New Jersey, and South Carolina. He has served as General Counsel 
for the Rechargeable Battery Recycling Corporation since it was founded in 1994. He has 
established national recycling programs for several companies and products, and routinely 
practices before the US EPA and on Capitol Hill. 

Robert L. Guyer is a partner in the Washington law firm of Guyer, Bag@ & Zimmerman, P.C. 
As an Electric Systems Environmental Engineer with the Gainesville Florida Regiqnal Utilities, 
and later as Senior Engineer with Environmental Science and Engineering, he has extensive 
experience in power plant permits, contracts, and environmental compliance. As Legislative 
Affairs Manager with Energizer Power Systems, he represented EPS before legislatures, 
regulatory agencies, and private organizations. He served as Legislative Committee Chair for 
the Portable Rechargeable Battery Association, the national trade association for the 
rechargeable product industry. He is currently the Director of Legislative and Regulatory 
Afkirs for the Rechargeable Battery Recycling Corporation. He routinely practices before state 
and provincial legislatures and regulatory agencies in the US and Canada, and on Capitol Hill. 

Messrs. Bagby and Guyer were principal drafters and lobbyists for The Mercury Containing and 
Rechargeable Battery Munugement Act (PL 104-142), one of only two federal environmental 
bills signed into law in 19%. 

Retailer participation for collection of some types of products may be different than found in 
the RBRC program. For example, the national program for collection of used mercury 
thermostats operated by the Mercq Thermostat Recycling Corporation (modeled on RBRC) 
uses electric equipment wholesalers as the point of “retail” collection. Contractors installing 
new mercmy thermostats are asked to return the used thermostats to the electric wholesaler, 
where they are then packaged and shipped to recycling. The thermostat installation contmctor 
is the “amsmner” and the electric wholesaler is the “retailer.** 
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PRODUCTS WITH 
CADMIUM IMPURITIES 

l Nonferrous Metals 

- Zinc, Lead & Copper 

l Ferrous Metals 

- Iron 85 Steel 

l Fossil Fuels 

- Coal, Oil, Peat, Wood 

l Fertilizers 

- Phosphates, Sewage 
Sludge & Composts 

l Cement 
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2.1 Eric Alsema 
CO2 and Energy Payback of PV - 



Energy Requirements and CO2 Mitigation Potential of PV Systems* 

. 

E.A. Alsema 
Dept. of Science, Technology and Sociev, 

Utrecht University, The Netherlands 

ABSTRACT: In this paper we investigate the energy requirements of PV modules and systems and calculate the 
Energy Pay-Back Time for two major PV applications. Based on a review of past energy analysis studies we explain 
the main sources of differences and establish a “best estimate” for key system components. For present-day c-Si 
modules the main source of uncertainty is the preparation of silicon feedstock from semiconductor industry scrap. 
The best estimates of 4200 respectively 6000 UT (primary energy) per m2 module area are probably representative 
for near-future, fiameless mc-Si and sc-Si modules. For a-Si thin film modules we estimate energy requirements at 
1200 IN/n? for present technology. Present-day and future energy requirements have also been estimated for the 
BOS in grid-connected roof-top systems and for Solar Home Systems. The Energy Pay-Back Time of present-day 
grid-connected systems is estimated at 3-8 years (under 1700 kWh/m’ irradiation) and l-2 years for future systems. 
The specific CCr emission of these systems is 60-150 g/kWh now and 20-30 g/kWh in the future. In Solar Home 
Systems the battery is the cause for a relatively high EPBT of more than 7 years, with little prospects for future 
improvements. The CO2 emision is now estimated at 250400 g/kWh and around 200 g/kWh in the future. This 
leads to tbe conclusion that PV systems, especially grid-connected systems, can contribute significantly to the 
mitigation of COr emissions. , 

1. INTRODUCTION 

The energy pay-back time or the energy requirement of PV systems has always been an issue receiving a 
great deal of public attention. Rightly so, because the energy requirement is a very good indicator of the 
net potential for CO2 mitigation. The latter constitutes on its turn an important political motivation for PV 
technology development. 
My objective in this paper is to review existing knowledge on energy requirements for manufacturing PV 
systems and give some example calculations for the energy pay-back time and the CQ emissions. 
Over the past decade a number of studies on energy requirements of PV modules or systems have been 
published, among others by the author of this paper [l-12]. I have reviewed and compared these studies 
and tried to establish on which data there is more or less consensus and how observed differences may be 
explained. Based on this review of available data I have established a ‘best estimate’ of the energy 
requirement of crystalline silicon modules, thin film modules and BOS components. 
Also I will show calculations of the Energy Pay-Back Time and C@ emissions for two representative PV 
system applications, namely a grid-connected rooftop system and a Solar Home System. 

Throughout this paper I will present energy data as Equivalent Primary Energy requirements, that is the 
amount of primary (or fuel) energy necessary to produce the component. So all electrical energy input is 
converted into primary energy requirements, with an assumed conversion efficiency of 35%. (So 1 MJ of 
primary energy can supply 0.097 kWh of electrical energy.) 
I restrict my assessment to the production phase of components because energy demands in the utilization 
phase are generally negligible for PV systems, and because there is very little data on recycling or other 
treatments of decommissioned systems. 

‘Presented at the BhGUYUEL Workshop “PV and the Environment 1998”, Keystone, CO, USA, 23-24 July 1998. 
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2. CRYSTALLINE SILICON MODULES 

Present technology 
Published estimates [l, 2, 4, 6, 9, 10, 121 for the energy requirement of present-day crystalline silicon 
modules vary considerably: between 2400 and 7600 MJIm2 for multicrystalline (mc-Si) technology and 
between 5300 and 16500 MJ/m2 for single-crystalline (sc-Si) technology. Partly, these differences can be 
explained by different assumptions for process parameters like wafer thickness and wafering losses. 
The most important source of differences, however. is the energy requirement estimation for the silicon 
feedstock used to produce PV wafers. Currently the majority of PV cells are made from off-spec silicon 
that is rejected by the microelectronics industry. The first source of silicon for PV wafers is a fi-action of 
the poly-silicon material that is produced by the silicon purification process but which has a slightly lower 
purity than the standard electronic grade material. 
The second (and largest) source of PV feedstock are the tops and tails of Czochralsky ingots which are 
cut off before the ingots are being sawn into wafers. These Cz tops and tails are then remelted to produce 
ingots for PV wafers, with the result that the silicon in this PV ingot has in fact undergone two 
crystallization steps. We will call these the primary and the secondary crystallization steps. 
In some past studies the energy consumption for theprimary crystallization step was allocated equally to 
the PV wafers and the microelectronics wafers. Because of the very high energy use in Czochralsky 
growing this can increase the estimate of the total energy requirement for the PV module dramatically. 
However, the Cz tops and tails are more or less a waste product with a much lower economic value than 
the wafers produced for the microelectronics industry. For this reason I hold the opinion, and other 
analysts now agree on this [ 133, that full energy accounting of the primary (as well as the secondary) 
crystallization step gives much too pessimistic a result for silicon-based modules. 

I mc-Si I sc-Si I I 

600 600 MJ/mZ module 

350 350 MJ/m2 module 

MJ/m2 module 
I 67 IA0 AAl/wn Total module fiameless) I 35 1 96, I I Ul 

rable 1: Breakdown of the energy requirements for c-Si module production \;Li presentday LL;blogy 
(in MJ of primary energy). The low and high variants present different approaches with respect to silicon 
feedstock production. 

On top of this “methodological uncertainty” there is considerable variation in the energy consumption 
estimates for both the silicon purification process (900-1700 MJ/kg) and for the Czochralsky process 
(500-2400 MJ/kg)‘, which may be real variations or due to assessment errors. Unfortunately I cannot 
clarify this further due to lack of reliable and detailed data. 
To show the total effect of these two sources of uncertainty I will give here two estimates for silicon 
modules (table 1). The low estimate is based on the lower end value for silicon purification and does not 

. 

’ Note that the table expresses a/l energy values in MJ per mz module area. Under our assumptions 2.0 -2.4 
kg ofpoly-silicon f&stock is needed per m* module. 
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consider the primary crystallization step, while the high estimate assumes the high end value for Si 
purification and includes 2400 MJ/kg for the primary crystallization step. 
From the silicon scrap material which comes out of the primary crystallization process, the PV industry 
subsequently prepares a multi- or single<rystalline Ingot, which can be sawn into wafers. Assumed were 
a 64% (mc-Si) resp. 60% (sc-Si) ingot yield, and for both technologies a 350 urn wafer thickness and a 
60% wafering yield. Energy use in the secondary Cz step was assumed to be considerably lower (1100 
MJ/kg) than in the primary Cz step, because of the smaller ingot size (6”) and lower quality required for 
PV material. 

Regarding the energy requirements for the remainder of the solar cell production process there is less 
controversy. Our best estimate is that about 600 MJ/mZ is added in cell processing and some 350 MJ/mZ 
during module assembly, assuming standard screen printing technology and glass/tedlar encapsulation. 
The main uncertainty in the energy data concerns the 400 MJ/m2 estimate for overhead energy that is used 
for functions like lighting and climatization of the module production plant and for environmental control. 
Taking into consideration also the production yields of cell and module processing (95% resp. 97%) we 
obtain total energy requirements for c-Si modules in the 4200-13900 MJ/mZ range. Note that for the cell 
and module processing our assumptions are the same for all four variants of table 1. Finally, we can 
remark that only a few percent of this total energy requirement is used in a nonelectrical form. 

If we now assume encapsulated cell efficiencies of 14 resp. 15.5% and module packing factors of 0.87 
resp. 0.82 for mc-Si and sc-Si modules (cf. table 2) we can evaluate the energy requirements on a Wp 
basis (last row of table 1). We see that despite their higher efficiency sc-Si modules are slightly in the 
disadvantage over mc-Si modules. This is mainly due to the higher energy consumption for the s&i 
crystallization process. 

It is unsatisfactory to have such a large uncertainty in the energy estimates. However, as I have stated 
above, the high estimate gives in my view too pessimistic a result, because it filly includes the primary 
crystallization step. So the actual value in the present situation will be closer to the lower estimate than to 
the higher one. 

Future technology 
In the near future (1-2 years) the supply of off-spec silicon will quickly become insufficient to meet the 
demands from the PV industry so that other feedstock sources will have to be drawn on. Because standard 
electronic-grade silicon is to expensive for PV applications, dedicated silicon purification routes will be 
needed. For this reason too, the lower energy estimates of table 1 are probably most representative for 
near-future c&i technology. 

For a view on the longer-term potential (up to 2007) we have to look first at the major determinants for 
the energy requirement of c-Si modules. 
Our analysis above shows that these determinants are: 1) the inclusion or not of the primary 
crystallization step, 2) the energy consumption for Si purification and 3) the silicon content of the cells. 
For sc-Si cells the Czocbralsky process is also a large contributor. 
So it will be clear that future improvements in wafer production technology’may bring down the energy 
requirements of Si modules. Technologies like EFG or other methods which eliminate the losses from 
wafer sawing, could have significant advantages. 
A major factor dete imining future energy requirements will be the way silicon feedstock is produced. The 
introduction of a solar-grade silicon process might reduce the energy content of silicon feedstock to 600- 
1100 MJ/lcg [ 1, 61 and make the discussion about one or two crystallizations obsolete. Because of the 
latter fact the values for future Si technology may be less uncertain than those for present-day technology. 
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Based on a number of independently performed studies [2, 4, 61 I expect that future mc-Si production 
technology may achieve a reduction in energy requirements to around 2600 MJ/mZ, assuming imrovations 
like a dedicated silicon feedstock production for PV applications (solar grade or advanced Siemens) 
delivering material with an energy requirement of about 1000 MJikg, and furthermore improved casting 
methods (e.g. electromagnetic casting) and reduced silicon requirements per m2 wafer. This kind of 
technology will probably become available in the next ten years. 
For single-crystalline silicon modules a total energy requirement around 3200 MJ/mZ [4] may be achieved 
with similar technology improvements. 
If we further make a conservative assumption for future cell efficiencies of 16% resp. 18% (cf. table 2) 
we obtain energy requirements per Wp of 18.8 resp. 2 1.6 MJ for future mc-Si and sc-Si technology. 

Present ( 1997) Future (2007) 
cell module cell Module 

mc-Si 14 12.1 16 13.8 

sc-Si 15.5 12.7 18 14.8 
thin film n.a. 6 na. 9 

Table 2: Assumptions for encapsulated cell and module efficiencies for different cell technologies 

CO2 emissions 

Because more than 95% of the energy for Si module production is used as electricity the CO2 emissions 
due to module production can be estimated rather quickly2. Assuming a C02emission of 0.57 kg per kWh 
produced electricity3 ( 0.055 kg/MJ,,-) we obtain specific COzemissions of 1.9 kg/Wp for near-future 
mc-Si and 2.6 g/Wp for near-future sc-Si. For year 2007 technology our estimates are resp. 1.0 and 1.2 
kg/Wp. In our system assessment below we will calculate the CO2 emission per kWh of delivered energy. 

3.THIN FILM MODULES 

Present technology 
Concerning thin film modules most published studies on energy requirements deal with amorphous 
silicon technology [l, 2, 6, 8, 10, 1 l] and two with electrodeposited CdTe modules [2, 71. Although 
estimates for the total energy requirement of a frameless a-Si module range from 710 to 1980 MJ/m2, 
many of the differences may be explained by the choice of substrates and/or encapsulation materials, and 
the consideration or not of the energy requirement for manufacturing the production equipment. A 
remaining factor of uncertainty, which cannot be explained so easily, is the overhead energy use for 
functions like lighting, climatization and environmental control (estimated range 80-800 MJ/mz). 
On the basis of a careful comparison and analysis of published energy estimates [3] I come to the best 
estimate for energy requirements of an a-Si thin film module, as given in table 3. 

From table 3 we can see that the semiconductor and contact materials constituting the actual solar cell 
contribute only very little to the module’s energy requirement. Low deposition efficiencies (<lo%) in 
combination with high purity requirements, however, may drive up this value. 

’ CO, emissions from the silica reduction process are also quite small, about 0.1 kg/Wp[l4] 

3 This is an approximate vafue within the UCP7’E region, i.e. continental W-Europe [l&T]. In this region about 
50% of the electrkity is produced by nucleair and hydra power plants. 
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The materials used for the substrate and encapsulation constitute about l/3 of the total energy input, 
assuming a glass/glass encapsulation. A polymer back cover will reduce the energy requirement with 
some 150 MJ/mz. On the other hand, if not one of the glass sheets of the encapsulation is used as 
substrate, but an extra substrate layer is added, this will increase the energy requirement considerably 
(e.g. with 150 MJ/m2 in case of stainless steel foil). 

Table 3: Contributions to the energy requirement of an a-Si thin film module for present-day production 
technology (in MJ of primary energy). 

The actual cell and module processing, comprising contact deposition, active layer deposition, laser 
scribing and lamination, contributes roughly another l/3 to the module’s energy requirement. Of course 
significant variations may be found here between different production plants depending on the deposition 
technology and the processing times. 

For other thin film technologies most of the energy contributions will be about the same as for a-Si, 
except with regard to the processing energy. Electrodeposited CdTe, for example, is estimated to require 
some 200 MJ/m2 less during processing. On the other hand a slightly higher overhead energy use is 
expected (for environmental control). Also, an polymer back cover would be less desirable for CdTe 
modules [2]. Although no energy studies for CIS were available we might expect the processing energy 
for co-deposited CIS modules to be in the same range or possibly higher than for a-Si. 

Assuming a 6% module efficiency we obtain an estimated energy requirement of 20 MJ/Wp for an 
present-day thin film module, which is considerably lower than the values found for c-Si technology. 
However, as we will see below, high BOS energy requirements may completely cancel out this advantage. 

Future technology 
Because the encapsulation materials and the processing are the main contributors to the energy input, the 
prospects for future reduction of the energy requirement are less clearly identifiable as was the case with 
c-Si technology. A modest reduction, in the range of lo-20%, may be expected in the production of glass 
and other encapsulation materials. It is not clear whether displacement of the glass cover by a transparent 
polymer will lead to a lower energy requirement. 
The trend towards thinner layers will probably reduce processing time which in turn can lead to a 
reduction in the processing energy and in the energy for equipment manufacturing. An increase of 
production scale can contribute to lower processing energy, lower equipment energy and lower overhead 
energy. 
By these improvements I expect the energy requirement of thin film modules to decrease with some 30%, 
to 900 MJ/m2, in the next ten years [cf. 2, 61. If concurrently the module efficiency can be increased to 
9%, the energy requirement on a Wp basis may reach the 10 MJ level. 

CO2 emissions 
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To estimate the specific CO* emission we can again apply the CO2 emission factor of 0.055 kg/My, 
resulting in an emission of about 1.1 kg CO#p. 

4. BALANCE-OF-SYSTEM COMPONENTS 

Like in economic analyses of PV systems the Balance-of-System is cannot be neglected in energy 
analyses. Therefore we will shortly analyse the impacts of array supports, module frames” and batteries. 
Recently, the results of a detailed analysis of the primary energy content of present applications of PV 
systems in buildings have been published [ 161. This study has considered several applications on rooftops 
and building facades, as well as a large power plant. 
Here I will restrict the BOS considerations to very simple assumptions for grid-connected roof-top 
systems. I will assume that per m2 module area 3.5 kg of aluminium is used for the supports of present 
roof-top installations, requiring 500 MJ/m2 of primary energy and causing an COzequiva.lent emission of 
26.5 kg/m2. For future roof-top systems I assume a reduced aluminium use of 2.5 kg/m2. The contribution 
from the inverter is small ([ 171, cf. table 4), and cabling is not considered here, but presumably it is small 
tO0. 

It is worth noticing the significant contribution of module frames in present-day systems. Its wide range 
of energy content (300-770 MJ/mz) in past studies is due to large differences in the amount of aluminium 
used for the frames. Here I assumed 2.5 kg Al to be used per m2 module, requiring 500 MJ of energy 
input. In any case, PV modules are expected to be frameless for all future applications. 

Batteries constitute a critical part of autonomous PV systems. Estimates for the energy requirement of 
lead-acid batteries found in the literature range between 25 and 50 MJ/kg [ 18-211. The lower estimates, 
however, only include the energy requirements for the input materials but not the energy consumed 
during the battery manufacturing process. This process energy has been estimated at 9-16 MJ/kg [20,21]. 
In most estimates the lead input is assumed to comprise a certain fraction of recycled lead (30-50%). 
Without this lead recycling energy requirements would be higher. 
As the specific energy density of a lead-acid battery is about 40 WhJkg we obtain au energy requirement 
per Wh of storage capacity in the range of 0.6-I .2 MJ (table 4). For my further analyses I will assume the 
mid-range value of 0.9 MJ/Wh. Furthermore I assume that within the next ten years no significant 
improvements in battery technology or battery energy requirements will occur. The CO1 emission from 
the battery production I estimate at about 2.4 kg-C02 per kg battery which is equivalent to 0.06 kg per 
Wb capacity (adapted from [20]). 

4 Although thin film modules have lower share of electricity in the total energy requirement ( 70%). the 
remaining 30% is used in glass production, where by chance the CO, emission is the same 0.055 kg per h4J 
of used energy. 

’ For energy analysis it is convenient to consider the frames separate from the modules, as part of the BOS. 
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5. ENERGY PAY-BACK TIME AND CO2 EMISSION OF PV SYSTEMS 

Grid-connected systems 
Figure 1 shows the energy pay-back time for two major PV system applications, namely grid-connected 
rooftop systems and stand-alone solar home systems. The assumptions taken into account for calculations 
are summarized in Table 5. Results are reported for multicrystalline and amorphous silicon technologies. 
For the reasons explained earlier, the present values for mc-Si are further split into a low and a high case. 
The difference between the two cases is the most striking result as far as grid-connected systems are 
concerned. 

Unit Grid connected Solar Home System 
Irradiation kWh/m2/yr 1700 1900 
Final yield kWhfWplyr 1.28 1.3 
system life yr 20 30 
battery size Ah (@12V) 0 70 
# of batt. sets required over system life - n.a. 5 
Enenzv eff. of alternative SUDD~V ontion % 35 25 
Table 5: Assumptions for the calculations on Energy Pay Back Time and life-cycle CO2 emissions 

/ 

I-- Energy Pay Back Time (years) 
12 

10 

6 

ma msS -IF1997 m-9 TF2m7 m-S llE-S Flss7 msi lF2al7 
4897 law W97 high 2007 1997 lw 1997 h&h 2007 

[ikdule WModule frame 0 BOS 1 

7 

Figure 1: The Energ Pay Back Time (in years) for two major PV applications, both for present&y 
(1997) andjitture (2007) PV technology. For system-specijic assumptions see table 5. 

As a matter of fact, in the present m&i high case the energy pay-back time of a PV system is around 
eight years, even in the middle-good insolation conditions of 1700 kWh/m2/yr. However, as already 
mentioned, I believe that this is a rather pessimistic view of present state-of-the art. Given the fact that PV 
industry will have to addtess the issue of feedstock anyway in the next few years, I think that the low case 
is more representative for the near-future situation. 
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Further we may note that the contribution from the BOS and frame is significant already today: each 
causing an increase in energy pay-back time in the order of 0.3-0.5 year in combination with mc-Si cells. 
Regarding thin film technology we can see that due to their lower efficiency, larger surface needed and 
consequently higher BOS requirements, the energetic advantages of present amorphous modules are 
cancelled by the higher BOS energy. 
For future roof-top systems the expected energy pay-back time is 1-2 years both for mc-Si and a-Si 
technology. 

These results show that grid-connected PV systems have considerable potential for saving on fossil-fuel 
energy production and thus reducing CO2 emissions. This can also be seen in figure 2 where we have 
displayed the CO2 emissions per kWh of supplied electricity for gridconnected PV systems and for a 
number of conventional power generation technologies. This shows that CO2 emissions from PV are 
roughly a factor 10 lower than for fossil-fuel plants and that they will become even lower, around 20-30 
glkWh, in the future. 

CO2 emission of grid-supply options (g/kWh) 
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Figure 2: CO, emission for grid-connected roof-top PV systems and for conventional power systems 
(coal, gas, nuclear-low estimatesjkom [15], nuclear-highporn [22]). 

Solar Home Systems 
This potential for CO2 mitigation by PV technology is less straightforward the case for our second 
application type, which concerns a Solar Home System, as has been introduced over the past years in 
many developing countries. A typical SHS as installed in for example Indonesia, comprises a 50 Wp 
module and a 70 Ah battery. Such a system may have a final yield of 1.30 kWh/Wp/yr under a 1900 
kWh/m2/yr irradiation. (Of course actual SHS performance data are heavily dependant on the user load 
profile, but we believe our assumption is fairly representative). We further assume a typical life time for 
the battery of 4 years, so that 5 battery sets are needed over a 20 year system life. 
In order to evaluate an Energy Pay-Back Time we will compare the SHS with a diesel generator which 
converts primary energy (fuel) into electricity at an average efficiency of 25% . (Note that grid supply in a 
remote area may have a comparable conversion efficiency). 
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As the results in figure 1 show the EPBT of the assumed SHS configuration would be more than 7 years, 
even with the low module energy estimates for mc-Si modules. For future PV technology only a modest 
improvement is expected due to the large contribution of the battery (for which no improvement was 
assumed) to the system EPBT. 

Figure 3 displays the CO2 emissions per kWh of the SHS application in comparison with one alternative 
option, namely a diesel generator operating at 25% average conversion efficiency. Transportation energy 
to get the diesel fuel at the user location has not been accounted. 
We see from figure 3 that the CO2 emission from the PV installation is still considerably lower than for 
the diesel, although the difference is smaller than for the grid-connected systems. 
One consequence of this result is that one should be careful when attributing a Zurge CO2 mitigation 
potential to SHS’s. Some kind of break-through in electricity storage technology will be necessary if we 
want to improve the CO2 mitigation potential of this application. In any case, the long-term worldwide 
contribution of SHS to CO2 mitigation will always be small in comparison to grid-connected systems. 
Also one should remember that SHS are very valuable for a different reason, namely providing energy 
services at remote locations. 

CO2 emission of stand-alone supply options 
(in g/kWh) 

loo0 

868 
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Mar Horn, System 

(under 1900 kVWrWyr) 
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1997bw 1997 
high 

m&i ‘IF 2007 diesel 

2007 gen. 

Figure .3: Life cycle CO2 emissionsfiom Solar Home Systems and@om a diesel generator. 
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6. CONCLUSIONS 

We have reviewed energy requirement data for PV modules and BOS components. It was found that there 
is considerable uncertainty with respect to the energy requirement of c-Si modules, due to accounting 
difficulties for off-spec silicon and due to lack of reliable data on silicon feedstock production. This is 
reflected in the large difference between calculated energy pay-back times, which range from around 8 
years in the mc-Si high case to 3-4 years in the low case (under 1700 kWh/m*/yr irradiation). 
I think that these two difficulties mostly explain the large difference of results which can be found in past 
literature. However, this will be no longer a major issue in the near future. In any case. dedicated 
processes for “PVquality”’ silicon feedstock. with a reduced energy requirement, are expected to bring 
significant improvements in the energy requirement of c-Si modules. The same can be expected from 
measures to reduce the amount of silicon required per m2 wafer. 
Thin film modules have a lower energy requirement per m2 module area, but on a system level this is 
offset by their lower efficiency, leading to higher BOS energy requirements and lower energy production. 
With thin film technology the scope for a future reduction of energy requirements is more limited than for 
c-Si. 
The energy pay-back times of PV rooftops are expected to decrease to less than 2 years both for mc-Si 
and a-Si module technology. Specific CO? emissions from these systems could go down from 60-150 
g/kWh now to 20-30 g/kWh in the next ten years. These values indicate that such future systems will 
definitively have a high net fossil energy substitution and COz mitigation potential. 
This is less straightforward the case for Solar Home Systems, for which energy pay-back times of more 
than 7 years were found. Still, the COz emissions from such systems (250-400 g/kWh) are relatively low 
in comparison with a diesel generator. In fact. the BOS is the crucial factor determining the energy and 
environmental profile of these systems and limiting its actual CO2 mitigation potential. Irrespectively of 
PV technology improvements, some kind of breakthrough in electricity storage means will be needed if 
we want to improve the over-all environmental effectiveness of Solar Home systems. 
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1 I:N~~DUCTI~N 

The aim of this paper is to addtess the issue whether thin-tilm solar cells based on rare metals 
could be part of the solution to the problem of gl01,cll climatic chunge. 

More specifically the objective is to discuss to what extent an expansion of PV production based 
on CdTe, CIGS and aSiGe could be constrained by limited materials availability. This is not the 
first time this issue is addressed. See for example Smith and Watts (1984), Zweibel et al. 
(1986) and Zweibel and Bamett (1993). 

If the potential of a technology is limited then its role in the dynamic process of technology 
change ought to be assessed. Could it act as a bridging technology that will facilitate the 
introduction of technologies with greater potential or will it act as a u!eucl end technology that 
deprive investments from or damage the reputation of the long term solutions and thereby 
prolong the transition to a more sustainable energy supply system. 

From an environmental perspective the role of the technology in the indwriuZ metabolism 
should be assessed. Could solar cells based on rare elements contribute to the creation of a 
sustainable industrial metabolism or will they introduce new environmental problems. At the 
end of the paper some environmental pros and cons associated with a large scale deployment of 
solar cells based on rare elements are discussed. 

There is a general lack of data for the minor metals considered hem. Most figures given in this 
text are rough estimates and ought to be treated with caution. 

2 AVAILABILITY OF MINOR MENS 

Cadmium (Cd), tellurium (Te) used in CdTe cells, indium (In), selenium (Se) and gallium (Ga) 
used in CIGS cells and germanium (Ge) used in some aSi cells are elements that all could be 
considered as tare or geochemically scarce elements. The average abundance in the continental 
crust varies among these from less than 0.01 ppm (Te) to about 15 ppm (Ga). In fact Ga is as 
abundant as lead and almost as abundant as copper (25 ppm). The primary refmery production 
of Ga is however a factor 10.0()0 smaller than the primary refinery production of copper and 
lead. Figure 1 illustmtes that the refinery production of Te, Se, In, Ge and Ga is substantially 
smaller than for other metals of comparable abundance. This is due to the fact that the 
availability of metals is depends on the extent to which they are concentrated in certain minerals 
and ores. Te, Se, In, Ge and Ga do seldom form any minerals of their own and high levels of 
concentration in any mineral are exceptional. Therefore these metals are sometimes classified as 
“scattered metaX’ (Hahashi 1997). 

Cadmium is heavily concentrated in sphaletite (ZnS, the main source of zinc), where it, due to 
its similarity with zinc, substitutes for this metal in the crystal lattice. Therefore the output of Cd 
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is comparatively large. The revenue from Cd refinery can however not affect mining rates, it 
only makes up a small fraction of the total revenue from zinc mine production (about 1%). It is 
therefore termed a minor metd. Of course, also Te, Se, In, Ge and Ga are minor metals 
recovered as byproducts from base metal mining. Te and Se are enriched in copper minerals and 
concentrated in the process of copper refining. In and Ge are mainly byproducts of zinc. Also 
Ga is somewhat concentrated in sphalerite but it is mainly recovered from bauxite. (See Figure 
2.) 

100000000 

T 
1000000 

1 

CU 

l +Zn 
0 

Pb 

Primary refinary 
production 
(tonnes&r) “Ooo Au 

Ag ,cd 

+ s.2 + 

100 __ -E .In 
& l Cra 

1 I I I I 
0,001 071 10 1000 

Average concentration in the continental crust (ppm) 

Figure 1 Two dimensions of scarcity. Production figures are taken from Crowson (1994) and 
crustal abundance from Wedepohl(1995). 

Due to the low value and/or complex processes needed to recover the minor metals the 
recovered amounts are not only dependent on the amounts present in the ore but also depends 
heavily on the specific processes used to recover the base metal or more valuable byproducts 
such as precious metals. As an example the recovery of Te and Se can be attributed to recovery 
of gold and silver from copper anode slimes. 

From Table 1 it is evident that only a fraction of the considered here minor metals contained in 
mined minerals are recovered (with the exception of Cd). This discrepancy is especially large 
for the more geochemically abundant elements Ga and Ge. The amounts contained in mined coal 
are about 500 times the amounts presently refined from metal ore. 

Figure 2 The minor metals are produced as byproducts from base metal recovery. 

. 

To avoid confusion when discussing annual availability of metals we need a clear terminology. 
In figure 3 the tlows and stocks of a minor metal is outlined. Exhclctin here denotes the total 
amount of metal contained in mined minerals. The term mine production is here avoided since it 
in the literature sometimes include recovery factors. Primary refinery production is the part of 
the extracted amounts that is refined to metal. Total refinery production also comprise secondary 
refinery production, i.e. the nzcycling of scrap from manufacturing processes (new scrap) and 
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post consumer scrap (old scrap). For minor metals, in most cases, only tigures of total refinery 
production and refinery capacity are given. However, in most cases recycling rates are low. Due 
to variation in supply, demand and price the metal may he stockpiled in different parts of the 
system. TheEfore, averages over Give years are used in this paper. 

Lasses 

Extraction 

Losses 

Ihluct 
manutc- 

luring 

Secondary 

4 New scrap Old scrap 

Figure 3 The principle tlows of a minor metal. 

Table 1 Annual availahility of primary metal 

Retinery Refinery 
prod. average c‘apacity 
1993-1997” 1992b 

Extmcdou, annual average 1993- 1997’ 

Total 211~ore” Cu-ore’ Bauxite’ Coal’ 

(tons/yr) 

Te 280 450 2,ltX-l 2.00 100 
Cd 19,000 26,000 34,000 m zoo0 
In 190 250 1,100 &j(.j 610 100 
Se 2,200 2,300 15,000 7,ooo 
Cfl 4s 145 28,000 480 22,ooo 

Ge s2 270 31,OOn 3,21)0 610 27,OK’ 

a Secondary refinery production is included in all tigures except for Ga. This fraction is however believed to be 
modest. Data are taken from ZJSGS Mineral Commodity Summaries. Data for Te ‘and Se are completed with 
estimates from Crowson (1994). 

b Data from Crowson (1994). 
c Extraction refers to the total amount of the elements contained in mined minerals. IJnderlined fignres denotes 

the prime source of present prim,ary recovery. In addition, small amounts of Te ‘and Se are extracted from led 
ores and small amounts of In is extracted fmm tin ores. 

d Based on zinc mine production (IJSGS Mineral Commodity Summ,aries) <and estimates of concentrations in 
sphalerite (ZnS), Cd: 3000 ppm (Roskill 198X), In: 40 ppm, Ga: 45 ppm and Ge: 300 ppm (Weeks 1973). 

e A Te:Cu ratio of 20 ppm in ore is a%sumeci (Roskill 1982). By using estimates of Se recovery per ton of 
mined copper for Canada 650 ppm ‘and the xst of the world 21 S ppm (USBM 1985) the Canadian sham of 
world mine production ‘and a recovery efticiency ot’ 3 1% (IJSBM 1985) a Se:Cu ratio of 800 ppm is derived. 
Figures of median In and C* content in chalcopyrite of about 20 ppm (Weeks 1973) are used to estimate In0 
and In:& ratios to 60 ppm. Copper mine production from IJSGS Mineral Commodity Summaries. 

f The average Ga concentration in bauxite is assumed to be SO ppm (IJSBM 1985). Bauxite mine prorluction 
from USGS Mineral Commodity Summ‘aries. 

g Based on coal “production” fignres from BP (1996) and typical contents of elements in coals. Cd: 0.5 ppm 
(Swaine 1990, Clarke and Sloss 1992), In: 0.02 ppm (Bowen 1979), Se: 1.5 ppm. Gaz 5 ppm, Ge: 6 ppm 
(Swaine 1990). Te content is estimated to be in the sume order of magnitude % In. Davidson and Lakin (1973) 
assume a Se:Te ratio of 10 ‘and Clarke and Sloss ( 1092) gives 0.1 ppm as an upper limit. 
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To avoid confusion when discussing annual availability of metals we need a clear terminology. 
In figure 3 the flows and stocks of a minor metal is outlined. Exnaction here denotes the total 
amount of metal contained in mined minerals. The term mine production is here avoided since it 
in the literature sometimes include recovery Factors. Primary rejbwy production is the part of 
the extracted amounts that is refined to metal. Total retinery production also comprise secondary 
refinery production, i.e. the recycling of scrap from manufacturing processes (new scrap) and 
post consumer scrap (old scrap). For minor metals, in most cases, only figures of total refinery 
production and re:finery capacity are given. However, in most cases recycling rates are low. Due 
to variation in supply, demand and price the metal may he stockpiled in different parts of the 
system. Therefore, five years averages are used in this paper. 

This paper will not deal with the availability of secondary metal explicitly. It will be assumed 
that the metal scarcity and the relatively low costs of recycling will foster a system with close to 
100% closed loops for the rotation of both new and old scrap. This is an assumption and not a 
result. The issue of what technology and administmtion that are needed to reach high collection 
and recovery rates of secondary materials deserves several assessments of its own. One effect 
of the closed loop assumption is that materials utilization in solar cell manufacturing becomes 
less critical_ 

3 CONSTRAINED PV EXPANSION RATES 

In Table 2 the figures on ret”mery production, retinery capacity and extraction are translated into 
potential annual increases of the solar cell stocks. It is evident from the limits set by present 
refinery production and refinery capacity as well as from the potential to use more of the 
extracted materials that the availability of Te and In are bottlenecks for the growth of CdTe and 
CIGS respectively. Ge is neither essential for aSi solar cells nor as limiting as Te and In. Higher 
Ge prices could probably increase primary refinery production substantially. The discussion 
will therefore in the following focus on Te and In. 

Table 2 PV expansion rate constrained by annual availability of metals 

Metals Metals Potential expansion rate limited by: 
requiremems” intensitiesh 

Refinery Retinery Max. recovery Tom Max. recovery fi-om 
nroduction’ canacit? traditional sourcer total extractionf 

Wm3 WwP) Gy-w 

Te 4.7 0.038 7.4 12 37 39 
Cd 4.9 0.039 480 660 570 610 

In 2.9 0.023 8.2 11 13 34 
Se 4.8 0.038 57 60 150 280 
Ga 0.53 0.0042 11 34 910 4,600 

ck 0.22 0.0018 30 150 1,300 12,000 

a Estimates from Andersson et J. (1998). Thickness of CdTe. GIGS and aSiCi layers are 1.5 CM, 2.0 p and 
0.1 m respectively. 

b An efficiency of 12.5 % is assumed. 
c Derived from retinery production in Tahie 1 (used ;IV, a proxy for primary Winery production). 
d Derived tkom refinery capacity in Table 1. 
e 70% of the extracted mater& from the base metal ore that curren:ntly is a source of the minor metal. i.e. 70% of 

the underlined figures in Table 1.70% is a typical value of the tolal efficiency of copper recovery from ore to 
refmed metaI (Chapman and Roberts 1983). 

f 70% of total extracted metal as given in Table 1. 
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If we assume that all of the current primary retinery production of Te and In but no more will be 
available for solar cells then the expansion rates would be limited to about 7-8 GWp/yr for CdTe 
and CIGS. Consider a scenario where a production capacity of 50 MWp/yr is present in the year ’ 
2005 and that the production capacity thereafter grows by 3O%/yr. Then the production volume 
would be constrained by Te and In availability in the year 2025 (Figure 4). If they after 2025 
keep the pace of 7-8 GWp/yr of production from primary material not more than 230-250 GWp 
or .360-390 TWh/yf would be installed in the year 2050. To reach the size of the present global 
electricity production of 10,000 TWh we would have to wait about 800 years. 
Clearly the availability of Te and In has to be increased substantially to make an impression on 
the electricity market and even more to be of any major importance for CO,-mitigation. We 
should also consider that the materials intensity of the cells can be increased, i.e. thinner films 
could be developed. 

XM - GWp 

400 -. 

300 -- 

200 _. 

100 -. 

a 
0 3 r----i A- I I I I . I 
2000 2010 2020 2030 2040 2050 2060 2070 

Figure 4 Expansion constrained by current levels of primary refinery production. In the 
scenario the exponential growth comes to a halt in 2025. Based on Table 2. 

4 PROSPECTSFORINCREASEDAVATLABILITY 

The availability of primary metal for one technology, e.g. CdTe solar cells, is determined by the 
supply, i.e. primary refinery production, and by the demand for the metal from other 
applications. In this section the supply side will be more thoroughly examined. The issue of 
res~~urce competing technologies will be touched upon at the end of the section. 

Changes in supply could be divided into changes independent of the increased demand from the 
solar cell industry and changes that occur due to increased demand and raised prices. 
Independently of demand for the minor metal in question, output could increase or decrease due 
to a change in demand for r~sourc%~! complemunturv technologies. For example, if the use of 
technologies using copper would increase, the avaktbility of Te would increase. If the demand 
for gold would decrease the recovery of Te would also decrease. New ways of processing the 
base metal ore could also alter the output of the minor metals. 

If demand for the metal increases the revenue from the recovery of the metal will increase. This 
will affect the price and the production volume. Recovery of the minor metal might spread to a 
larger fraction of the mining operations. Existing processes of recovery can be optimized. If the 
price would increase even more the processing of the base metal might be changed to increase 

' Assuming 20 kWh/m'yr and a to&l efkiency of BUS, power conditioning and temperature correction of 
80%. 



recovery rates. Recovery from sources, previously subeconomic. could emerge, such as Ge 
recovery from coal ash. If the price could he elevated by about two orders of magnitude and 
remain stable the minor metal may become a major metal. It then could become the main product 
or at least a high value co-product. that could influence mining rates. 

The scenario introduced in the previous section may now be revisited. Due to economic growth 
and population growth the demand for base metals will most likely increase. The increases in 
mine production could be held back by elevated recycling rates and more efficient materials 
utilization (dematerialization). If we assume a growth rdte of 2% for the mine production of base 
metals during the next 27 years, 1.7 times the present levels would be produced in the year 
2025. If the raised demand could increase the overall recovery rates for In and Te to 70% (the 
efficiency of copper recovery) the output of In from zinc operations could increase by a factor 
1.6 and of Te from copper ores by a factor 5 (see Table 2). Moreover, if the thickness of the 
CdTe layer could be decreased from 1.5 to 1 pm and the CIGS layer from 2 pm to 0.5 pm, 
these assumptions taken together could increase the amount of available Te and In in the year 
2025 by 13 and 11 times respectively. The annual expansion potential for CdTe and CIGS 
would then be about 90 GWp/yr. 

10 000 

8000 

6000 

4000 

2000 

0 

: 
I 
, 

2000 2020 2040 2060 2080 2100 

Figure 5 Thinner films, higher recovery mtes and increased base metal mining could increase 
the expansion potential signiticantly. See text for assumptions. 

The 30% growth scenario would then be halted in the year 2034 (see Figure 5). CdTe and 
CIGS could in this example reach 19(W) GWp or about 30(K) TWh/yr in 2050. 10 000 TWh/yr 
would be reached around year 21(W). 

The amounts of In and Te that will be available will to a large extent depend on the price that 
solar cell manufacturers are ready to pay for the metals, and ultimately on how much more 
electricity per cent these cells can produce compared to competitors_ Let us make a thought 
experiment. Consider a reference cell with a module efliciency of lo%, an operating efficient 

Y of 8% and a module cost of 50 USD/m’_ Let assume that area related BOS cost is 50 USD/m 
and that this reference device is competitive on the mass markets for electricity (about 6 c!kWh). 
If a CdTe or CIGS cell having the same production cost but 12.5% module efficiency and 10% 
operating efficiency could be produced it would generate 25% more electricity at the same cost 
as the reference module. The implication of this is that such CdTe and CIGS cells could pay up 
to 25 USD extra for materials and still be protitable. The effects on metal prices of such a 
situation is indicated in Table 3. The effects on zinc and copper ore economy of drastically 
elevated prices of Te and In is indicated in T;lble 4. 



Table 3 Low manufacturing cost and high efficiency can increase the willingness to 
pay for the metals by two orders of magnitude. See text for details. 

Average prices Met& Potential metal price Potential price/ 
1993-1997 requirements (equivalent of 25 USD/m’) current price 

high low 

KJSD/kg) (g/m’) (IJSD/kg) (ratio) 

Te 53 4.7 3.1 5,300 8,000 100 150 
In 280 2.9 0.73 &ho0 34,000 31 123 
Ge 1,400 0.22 110,ooo 81 

Table 4a Value of metals contained in a 
typical zinc ore. 

Ore cone. Metal price “OR value” 

@pm) KJSD/kg) USD/ton 

-z 40,000 1.0 40 
Cd 180 2.5 0.4 
Ge 18 1,400 25 
Ga 2.7 410 1.1 
In 1990s 2.4 280 0.7 

Table 4b Value of metals contained in a 
a typical copper ore. 

Ore con?. Metal price “Ore value” 

(ppm) (USD/kg) USD/ton 

Cu 5,000 2.3 23 
Se 4.4 9.5 0.1 
Au 0.13 13,000 3.3 
Te 1990s 1.0 53 0.1 
Te potential 5,300- 11-16 

8,000 
Iu potential 8,600-34,000 21-82 
a Au:Cu ratio from Lucas (1985), other ratios from Table 1 
b Average prices 1993- 1997 from IJSGS (19981, In and Te potentid prices from Table 3. 

At least two conclusions can be drawn from this example. First, it is not impossible that demand 
for Te, In and Ge could increase recovery rates and eventually become a force behind 
accelerated mining.’ Second, the limited supply of Te and In and the large price increases 
needed to affect mining imply that any cost advantage of CdTe and CIGS would induce higher 
materials costs. 

There are figures indicating that the In content in mined copper ore is substantial (see table 1). If 
this is so the copper ores might become an attmctive source for In. Te is heavily concentrated in 
manganese nodules on the ocean floor. Estimated median values vary between 30 ppm (Weeks 
1973) and 48 ppm (Bowen 1979). The high Te m-ices indicated above could give rise to new 
interest in ocean floor mining. Old waste dumps at mining sites could be another source of 
various metals in the decades to come. 

The high potentially high value of Te and In in solar cells will make it difficult for other large 
scale applications to compete for the metal. The fastest growing market for In is thin film IT0 
(indium tin oxide) used for displays and energy efticient windows. If CIGS production take 
off,, CIGS and IT0 will be resource competing technologies at least in the short run. 

5 STOCKS 

So far only annual availability and constraints on the expansion rate has been considered. 
Estimates of the In and Te contents in zinc, copper and ocean floor resources are given in Table 
5. Using the totality of land based and ocean floor resources of In and Te would limit CIGS 
cells to about 26 TWp or about 40 OOO TWh (insolation 2ooO kWh/m*yr) and CdTe to about 40 
TWp or 60 OOO TWh/yr. 

’ If mines were to be operated mainly to recover In or Te energy payback times would be increased substatially. 
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Table 5 Potential In and Te resources 
Ore contents” Potential solar cell 

stock (70% reco~ery)~ 
In Te In Te 

(ktons) (GWP) 
Zinc reserve 
Zinc reserve base ::, 

1,400 
3,100 

zinc resources 110 14,000 
Copper reserve 19 64 2,300 1,800 
Copper reserve base 130 4,600 3,500 
Copper resources z: 320 12,000 8,900 
(land based) 
Manganese nodules > 1,000 >30,000 
(ocean floor) 
a Bawl on zinc and copper resources as given by USGS (19%) and In and Te concentrations as cited in Table 1. 

Resources in manganese nodules Tom Weeks (1073) 
b A module efficiency of 12.5% is assumed. A recovery rare of 70% is substantially higher than prevailing 

recovery rates. 

1 
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6 THE CADMIUM PARADOX: HOOVER AND PANDORATECHNOLOGES 

It is not the use of metals that cause environmental problems but the emissions and leakage from 
society to the environment. Different types of metal use are more or less dissipative. If the price 
of a metal is high it is less likely that it will be discarded as waste or used in short lived 
products. It is more likely that it will be contained in long lived products and recycled in closed 
loops. Therefore it has been suggested that technologies where the hazardous metal can be 
contained in a controlled fashion could be used to “soak up” metals that otherwise would have 
been lost to the environment. The argument has been used by Ayres and Ayres (1996) for 
arsenic and electronics, by Andersson and Ride (1998) for cadmium, lead and vanadium and 
electric vehicle batteries and by Andersson and Jacobsson (1998) for the here discussed metals 
and solar cells. Andersson and Rade introduce the term hnover technologies. CdTe solar cells 
could be a hoover technology that soak up cadmium that otherwise would have been lost to 
environment. 

Raising the value of a metal could however also lead to accelerated mining causing an increased 
environmental pressure for example in the form of sulfur dioxide emissions, metal leakage from 
waste dumps and large scale land transformations. It becomes a pundoru technology that 
releases deleterious elements into the environment. 

This could lead to an interesting paradox. A large scale use of CdTe solar cells could decrease 
the overall cadmium emissions and leakage. A large scale expansion of CIGS and aSiGe cells 
could lead to increased mining of indium and germanium rich zinc minerals containing large 
amounts of cadmium, and theteby cause an overall increase in cadmium emissions and cadmium 
leakage. 

. 

We should also consider the ti&hnce problem.. Even if the metals can be safely stored in solar 
cell systems, one day these technologies might be superseded by better performing alternatives. 
Then the scrap price will fall drastically. We then face the riddance problem. Who will pay for 
getting rid of tons of hazardous waste. At present, in Sweden the use of mercury is supposed to 
be phased out and mercury is to be put in final storage. However, no money has been collected 
to pay for this. 

Conclusively there are environmental problems associated with high metal values and as well as 
with low metal values. 



7 CONCLUSIONS AND QIJESTIONS 

If major efforts to increase refinery output of Te and In are made CdTe and CIGS could reach 
TWp levels of installed capacity during the next century. If the development of CdTe and CIGS 
would at all succeed it is not unlikely that they could pay for such efforts. Long term contracts 
between metal producers and solar cell manufacturers might be necessery avoid that swinging 
prices will substantially increase the risk associated to investments in CdTe and CIGS 
production_ 

It is however doubtful if CdTe and CIGS could become of any major importance to CO,- 
mitigation. The implication of such an unlikely development would be that solar energy would 
become the “coal industry” of the 20th CenhiIy extracting about as much material from the crust 
for every kWh of electricity produced. 

The possible role for CdTe and CIGS in the process of decarbonizing the energy system is as 
bridging technologies. What important knowledge is gained by doing research on CdTe and 
CIGS? Can the development of CdTe and CIGS production processes generate experience at a 
critical point in time‘? Can they tear down. market baniers, create distribution channels, shape up 
legi.slation and increase the consumers interest in PV? Such questions ought to be addressed. 

Direct solar energy is one of the major options for a sustainable energy supply system. In the 
worst case the investment of time and money in the development of CdTe and CTGS could delay 
a development of a global solar energy system. 

Even if these solar cells can not be of major importance to global climatic change they can form 
an impressive industry that can deliver demanded products. For such an industry it is important 
to develop a careful materials management. The resource scarcity and the environmental 
problems associated with the used tare metals call for strategies to obtain closed loop recycling, 
including recycling of old scrap. One possibility to facilitate post consumer recycling is to sell 
CdTe and CIGS cells only to certain market segments, e.g. professionally operated large scale 
installations. 
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2.3 Robert Williams 
PV and the Competition in Zlst Century 
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CAPITAL COSTS FOR ELECTRICITY STORAGE 
(1997 Dollars) 

Technology $/kW $/kWh Total Capital 
cost ($/kW) 

2 20 
hours hours 

Compressed Air 

Large (350 MW) 350 1 352 370 

Small (50 MW) 450 2 454 490 

Above Ground 500 20 540 900 
(16MW) 

Conventional 900 10 920 1,100 
Pumped Hydro 

Battery (Target. 10 MW) 

Lead Acid 120 170 460 3,520 

Advanced 120 100 320 2,120 

Flywheel (Target, 100 MW) 150 300 750 6,150 

Superconducting Magnetic 120 300 720 6,120 
Storage (Target, 100 MW) 

Supercapacitors (Target) 120 3,600 7,320 72,120 
. 

Source: Robert B. Schainker 
Electric Power Research Institute 
Presented to the PCAST Energy R&D Panel 
14 July 1997 
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HYDROGEN SEPARATION DEVICE (HSD) 

HSD is based on inorganic ceramic (A1203 or other) membrane 

Membrane manufacturing technology established at large scale at ORNL for 
production of membranes for gaseous diffusion-based uranium enrichment 
technology. Manufacturing technology is classified. 

Inorganic membranes are far more expensive than polymer membranes 

Proposed membrane for Hz separation costs - $1,000/m* 
Installed HSD cost - $6,000/m* 

For comparison, current grid-connected rooftop PV systems cost $6/Wp 
Insolation - 1000 W/m*, q = 10% * PV system cost = $600/m* 

But rated H2 separation rate is very high. 

Membrane coefficient = llb H2 /hour/ft* = 192,200 W/m* I) $0.03/w 



. . 

CENTRALIZED SOLID OXIDE FUEL CELL/GAS TURBINE HYBRID CYCLE 
FUELED BY HYDROGEN DERIVED FROM COAL USING A HSD 

PLUS AQUIFER DISPOSAL OF THE SEPARATED CO2 

Overall efficiency of provicfing electricity from coal - 50% or more 
Near zero lifecycle CO1 emissions 
“Guesstimated” electricity generation cost, including cost of CO2 sequestration - 4 cents/kWh 

Compressors 

Intercooler 

Fuel 

r-k 

J- 

Exhausi 

I-- 

Exhaust 4- 

Recuperator 
fuel heater 

1 

SOFC 
5yrtem c------- 

4 

Figure 3 SOFCs may be advantageously combined with a gas turbine by us- 

ing vitiated air and unconsumed fuel from a pressurized fuel cell lo power the 

lurbine. EPRI studies indicale lhat unprecedenled combined electrical efli- 

ciency-75% or more-is likely for SOFC-gas turbine combined-cycle unils, 
at cosls projecled lo be compelilive with convenlional generation options. 



. . . 6 

EXPERIENCE WITH CO, STORAGE IN AQUIFERS 

Ongoing: Sleipner CO2 Injection Project, North Sea (StatoiZ) 

l 1 million tonnes/year of CO* is being recovered from natural gas (9.5% CO,) withdrawn from the Sleipner West 
gas field using an amine solution of MDEA. 

l ,Recovered CO, is being be transported to and stored in a 250 m-thick deep aquifer (Utsira formation)-located 
800 m under the seabed beneath the nearby Sleipner East field. 

l Project investment: $SO-$80 million. 

l Project came onstream in 1996 and will last - 20 years, 

Prospective: Natuna CO2 Capture & Storage, So. China Sea (Pertamina/Esso E&P 
Natuna) 

0 Natuna gas field (1.27 x lOI Nm3 recoverable NG reserves) is 225 km from Natuna Island. 

0 Field gas is 71% C02. Offshore the field gas will be cryogenically separated into product gas (mainly CH,) and 
waste gases (mainly CO,). Product gas will be piped to Natuna Island for further purification and processing to 
LNG. The separated CO, will be stored in two underground aquifers north of the Natuna field. 

l Sequestration rate will be > 100 million tonnes of CO,/year; equivalent to 0.5% of total CO2 emissions from 
fossil fuel burning. 

0 Project is currently in the planning stage. Once construction begins it will be 8 years before first LNG deliveries 
to customers takes place. 



. . * . 

HOW SHOULD PV COMMUNITY RESPOND 
TO THESE COMPETITIVE CHALLENGES? 

1. Find ways to “jump to” a faster experience/learning curve. 
. . . will thinjilms make it possible to do this? 

2. Use competitive instruments such as a RPS to force PV prices down quickly. 

3. Emphasize grid-connected distributed PV markets in developing as well as 
industrialized countries. 



. . 
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Module Price 

Y t Multijunction 

Q Module Learning at 
85% P.R. 
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IO-’ I IO 100 IO3 IO4 IO5 IO6 
Installed Modules (MWp) 

CUMULATIVE PRODUCTION AND COST FOR GLOBAL EFFORT 
TO “BUY DOWN” PV MODULE PRICE TO $1 PER PEAK WATT 

FOR AVERAGE TECHNOLOGY (wodcl be ettcowaged by acltttittis~ra~ive ctpproach) 

CUMULATIVE PRODUCTION REQUIRED = 135,000 MWp 
BUY-DOWN COST = $50 BILLION 

. 

FOR LEAST-COST TECHNOLOGY (would be encouraged by tttarkel approach: e.g., Renewable Portfolio 
S/andat*d, Renewables NFFO) 

CUMULATIVE PRODUCTION REQUIRED = 430 MWp 
BUY-DOWN COST = $120 MILLION 



. 
t . . 

IMPORTANCE OF COMPLEMENTING REMOTE STAND- 
ALONE PV APPLICATIONS WITH DISTRIBUTED 

GRID-CONNECTED APPLICATIONS 

1. 

2. 

3. 

4. 

Rural domestic lighting market is relatively limited: 
+63O/o of LDC population is in rural areas 
+67% of these have no access to electricity 
+ loo/o of households can afford to pay for PV if financing available 
+Assuming 50 WAcper HH, total market = output of one 600 MW coal plant 

For other rurai stand-alone markets (e.g., water pumping) PV will face stiff 
competition from other renewables (e.g., biomass) 

Grid-connected, distributed markets are large and relatively easy to access and 
probably very competitive @ $31 WAC PV system cost * good potential for moving 
quickly along experience/learning curves 

System costs of $3/ WAC might be realized in less than 5 years 

Supply curves for PV markets as a function of installed system price for grid- 
connected applications for developing as well as industrialized countries, taking 
into account various distributed benefits 
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MARKAGMACRO: A Computer Tool for Integrated Energy-Environmental-Economic 
Analysis 

Vasilis M. Fthenakis. 

Environmental and Waste Technology Center 

Brookhaven National Laboratory 

Upton, NY 11973 

SUMMARY 

MARKAL-MACRO, is a well-established model for energy-environment-economic 
systems analysis, which is currently in use by many industrialized and developing countries and 
regions. The model describes all possible flows of energy from resource extraction through 
energy transformation and end-use devices to demand for usefbl energy services and 
conservation. It finds the “best” energy scenario for a given period by selecting the set of 
options that minimizes the total system’s cost over the period. More than 200 technologies 
including PV, wind, solar thermal, biomass fbels, wave, and ocean-thermal gradients are 
modeled. The potential role of Photovoltaic (PV) technologies to reduce carbon dioxide 
(COz) emissions in the United States in a competitive market environment was evaluated using 
MARKAL-MACRO. Under specific assumptions on projected cost and efficiency 
improvements, PV may compete favorably as a general source of electricity supply to the grid 
by about 2010 in the southwestern United States. This analysis indicates that PV has the 
potential to reach a total installed capacity of 140 GW by the year 2030, and to displace a 
cumulative 450 million metric tons of carbon emissions from 1995 to 2030. Under constraints 
on carbon emission, PV becomes more cost effective and would fbrther reduce carbon 
emissions from the US energy system. 

INTRODUCTION 

The cost of photovoltaic power has decreased over seven-fold in the past two decades 
and is projected to decrease a tirther four-fold in the next two decades [l]. PV already 
competes favorably in the United States for certain niche markets, (e.g., accent lighting, 
security lighting, sensing devices, water pumps, and communications). Many of these uses 
compete directly with grid-connected service, but non-grid-connected PV is chosen for 
convenience or to avoid the cost of electric connections. Current installed capacity in these 
applications in the United States amounts to about 60 MW, it is expected to grow about 10% 
per year through 2000 [2], and then its growth will accelerate, as our model predicts. PV is 
also cost-effective in remote applications where connection to the grid is not feasible, and the 
competition is diesel generators. 

Near-term utility applications of PV in the US are likely to focus on peaking power and 
power-conditioning applications. Many utilities, especially in the Southwest, experience a 
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peak load coinciding with peak solar insulation; this maximizes the value of PV for peaking 
power. The modular capability of PV allows utilities to install appropriate capacity levels in 
needed locations. Grid-connected demand-side systems are now being installed on roofs of 
buildings. Thirty-nine US utilities are testing grid-connected PV systems [3]. Several new 
demonstration installations are expected over the next five years. 

Over the longer term (2000 to 2030), if the projected improvements in efficiency and 
cost materialize, PV may become competitive with fossil fuel plants. If drastic reductions in 
carbon emissions are required in the future, both energy demands and energy prices are likely 
to be affected. Carbon-free technologies, such as PV, then will have an additional advantage. 
A long-term potential application of PV is the production of hydrogen to provide a carbon-free 
fuel for heating and motive power. We did not consider this in the current analysis, but it was 
explored and found cost-effective under severe carbon emission constraints (over 20% below 
the current level) in Europe [4]. We used the NREL projections on the efficiency and cost of 
PV module in this analysis to characterize the capital and operating costs and the system’s 
efficiency by vintage year (Table 1). We also used capacity factors ranging form 0.17 to 0.23, 
corresponding to the range of solar insolation of 1800-2480 kWhr/yr/m2. 

THE MODEL 

The MARKAL-MACRO model (5) is an integration of MARKAL, a dynamic linear 
programming model that optimizes a technology rich network representation of an energy 
system, and MACRO, a single sector. macroeconomic growth model. MARKAL was 
developed at the Brookhaven National Laboratory (BNL) in a collaborative effort under the 
auspices of the International Energy Agency (6,7). MAR.&X-MACRO was also pioneered at 
BNL in close collaboration with Alan Manne, Stanford University. Most countries in OECD, 
over half-a-dozen economies in transition, and more than 20 developing countries and regions 
currently use MARKAL and MARKAL-MACRO. 

In MARKAL, the entire energy system is represented as a Reference Energy System 
@ES), depicting all possible flows of energy from resource extraction through energy 
transformation and end-use devices to demand for useful energy services. Each link in the 
RES is characterized by a set of technical coefficients (e.g., capacity, efficiency), environmental 
emission coefficients (e.g., CO2, SO,, and NO,), and economic coefficients (e.g., capital costs, 
date of commercialization). MARKAL finds the “best” RES for each period by selecting the 
set of options that minimizes the total system’s cost over the entire planning horizon. By 
combining MARKAL (a “bottom-up” technological model) and MACRO (a “top-down” 
neoclassic macroeconomic model) in a single modeling framework (Figure l), MARKAL- 
MACRO captures the interplay between the energy system, the economy and the environment, 
which is crucial in analyzing energy and environmental policies under sustainable development. 

In optimizing the energy-economic system, the model explores a wide range of options, 
including reducing demands for energy services, investing in energy conservation measures, 
investing in higher efficiency supply and end-use devices, switching from coal or oil to natural 
gas, and switching from fossil fuels to renewable technologies. In addition to PV, renewable 
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technologies explored by the model are wind, solar thermal, biomass fuels, wave, and ocean- 
thermal gradients. The model thus can evaluate the potential of PV in a competitive market 
environment. The cost characteristics of some of the competitive technologies are shown in 
Table 2. 

SCENARIOS OF PV PENETRATION IN THE US 

Three PV scenarios were studied in the analysis. To evaluate the full benefit of future 
PV market potential, we chose a Base scenario with PV cost and efficiency levels fixed at 1995 
levels; this is labeled as “BASE”. In the second scenario, we assume the NREL expectations 
of improvements in PV technology and cost (Table 1) and average US solar insolation of 1800 
kWh/m2-yr. Since large PV electricity generation plants are expected to be built in locations of 
better than average solar intensity, this case is labeled “Low-PV”. In the third scenario we 
assume that all PV power plants would be built in the areas of the maximum US solar 
insolation (e.g., Arizona) where the solar insolation is 2480 kWh/m2-yr; it is labeled “High- 
PV”. Cases with solar insolation in the range of 1900-2400 kWh/m2-yr were also examined. 
To complete the input data-base for model runs, each of these three basic PV scenarios was 
combined with the US MARKAL-MACRO data base used in the least-cost energy strategy 
study conducted by the U.S. Department of Energy (8). 

Two model runs were made under each scenario, one with no limit on CO2 emissions, 
and one with CO2 emissions in 2010 through 2030 constrained at 20% below the 1990 level, 
which is one of the proposed reduction targets currently under discussion in the Framework 
Convention on Climate Change (9). Thus, six cases were generated; they are listed below. 

Case Name Description 

BASE Base Scenario, no CO2 constraint. 

BASE-20% CO2 Base Scenario, 20% CO2 reduction beginning in 2010. 

Low-PV 

Low-PV-20% co2 

High-PV 

Low solar insolation, no CO2 constraint. 

Low solar insolation (1800 KWhr/m2/yr), 20% CO2 reduction 
beginning in 2010. 

High solar insolation (2480 KWhr/m’/yr), no CO2 constraint. 

High-PV-20% co2 Southwest Scenario, 20% CO2 reduction beginning in 
2010. 

RESULTS 

The analysis examines three kinds of results. The first is the projected PV market 
penetration in the different cases. To what extent does the model find the technology cost- 
effective and how rapidly does it enter into the energy system? How is PV technology valued 
relative to its competitors. 7 The second is the effect of investing in PV on U.S. CO2 emissions. 
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How do these emissions change in the unconstrained cases? How is the marginal cost of CO2 
control affected in the carbon constraint cases? The third is the implication for the broader 
economy. What is the impact on gross domestic product (GDP) in the different cases? 

Proiected Market Penetration 

Figure 2 shows the projected capacity of PV for the four basic cases cases. As 
expected, there is no new capacity of PV technologies installed neither in the “BASE” case nor 
in the “BASE-20% CO*” case. Also, there is no significant market penetration of new PV 
technologies in the “Low-PV” case. In the “High-PV” case, PV becomes competitive and 
enters the market on a large scale (from 9 GW in 2010 to 140 GW in 2030). The projected 
difference in market penetration between the two cases indicates that site conditions are crucial 
in determining the economic competitiveness of the PV technologies as technically 
characterized by NREL. Under the constraints of the 20% CO2 emission reduction, PV 
becomes competitive in the “Low-PV-20% CO;’ case and is projected to penetrate the market 
on a large scale afler 2015. (Figure 3). In the High-PV-20% CO*” case, PV energy is 
projected to reach its full market potentials specified in MARKAL-MACRO after 2005. As 
shown in Figures 4 and 5 the corresponding penetration of wind and biomass in the electricity 
market is projected to be much smaller. PV starts replacing mainly gas turbines in 2010 and 
later in 2020, also replaces coal steam plants (Figure 6). Table 3 shows the reduced costs 
(shadow prices) of PV technologies by vintage. Negative reduced costs indicate how much the 
economy would lose (in millions of 1990 $) if one unit (in GW) of PV is forced into the energy 
system, in a given year. These values represent the non-competitiveness of PV in the 
centralized market for electricity supply, given today’s environmental constraints; they assume 
zero credit to PV due to environmental benefits. Furthermore, these reduced costs do not 
reflect PV’s value in the limited niche market (e.g., remote location) in which PV already has 
proven competitive against the grid, nor they reflect PV’s value in non-grid application (e.g., 
electronics). Positive reduced costs represent the economic benefit gained on further increases 
in the capacity of PV above the bounds set in MARKAL-MACRO. In the “Low-PV” case, the 
absence of positive marginal costs (from -124 million $ in 1995 to $0 in 2030) explains the lack 
of PV market penetration in that case. Under relatively low insolation conditions, MARKAL- 
MACRO projects that PV will not compete favorably against other improving technologies 
such as advanced gas turbines, wind generators, and cogenerators. In regions, however, where 
the solar insolation is higher than 1900 kWhr/m’/yr, PV does compete favorable with other 
electricity generating technologies, in time frames varying with the insolation. Under CO2 
emission constraints, the values of marginal cost in turn positive even in the “Low-PV-20% 
02)) -20% CO;’ case, showing cost-effectiveness of Central-PV systems even in relatively 
low solar intensity conditions. 
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Carbon Emissions and Control Costs 

Figure .7 shows the projected carbon emissions for the four cases (CO2 is represented 
by equivalent carbon). Assuming there are no constraints on carbon emissions, the “High-PV “ 
case resulted in a reduction of over 64 million metric tons of carbon emission in 2030 from the 
“BASE” case carbon emission of over 2 billion metric tons. The total cumulative reduction 
over the entire 19952030 time frame in the “High-PV’ case amounts to over 450 million 
metric tons. We note that most of the reductions occurred in the later periods, as shown in 
Figure 3; these reductions would be the beginning of a longer term trend as the market share of 
PV technologies is expected to keep increasing after 2030. 

Table 4 shows the marginal costs of CO2 reduction in the CO2 constrained cases. 
These values represent the increase in total cost of the energy system to further reduce one ton 
of carbon emissions. They fluctuate from period to period, depending on the availability of 
efficient CO2 mitigating technologies in a period. In the “BASE-20% CO*” case, these values 
range from US$238 per ton in 2010 to 283 per ton in 2020. In the “High-PV-20% CO2” case, 
the marginal COz reduction costs are consistently lower than the “BASE” case, implying that 
the energy system becomes more cost-effective in controlling its future CO2 emissions with the 
introduction of low-cost PV technologies. Although the marginal cost of CO* reduction in the 
“Low-PV-20% COT case (with less favorable site conditions for PV technologies) are higher 
than those for “High-PV-20% CO2”, the availability of these technologies will still provide 
lower marginal costs for CO2 reduction compared to the “BASE-20% CO;’ case. The 
marginal costs of CO2 reduction derived in MARXAL-MACRO are direct measurements of a 
country’s economic and technological flexibility to respond to a more stringent CO2 emission 
standard in its energy system. Across different countries, they represent the basic information 
needed in analyzing strategies for mitigating CO2 emissions at the global level. 

Imoact on Gross Domestic Droduct (GDP) 

Table 5 depicts the growth trends in GDP ,projected in MARKAL-MACRO for the six 
cases. Under the three CO* emission-reduction cases, the impact of higher energy cost is 
reflected in the economy through their lower GDP values relative to the projected GDP in the 
unconstrained cases. With or without CO2 emission constraints, the introduction of low-cost 
PV technologies has a positive impact on GDP growth. The GDP is projected to grow at 
1.82% per year in the “Low-PV” case. The growth projection increases slightly more in the 
“‘High-PV” case; the impact is about 0.1% per year accumulating to about $3 billion out of $11 
trillion by 2030. When the carbon constraint is imposed, GDP growth slows to 1.77%/year in 
the “BASE-20% CO;’ case due to higher overall energy costs. However, the impact of PV 
technologies on GDP growth is larger in the “High-PV-20% CO;’ case under constraints, 
amounting to an increase of 24 billion dollars in 2030. The GDP growth does not account for 
job creation or manufacturing energy requirements for PV, competing technologies or a CO2 
mitigation industry. It only describes the impact of electricity costs to US customers. 
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CONCLUSION 

This study shows the capabilities of MARKAL-MACRO in integrated energy- 
environmental-economic analysis. As an example, the penetration of Central-PV in the US 
was studied using this model. It was shown that, under our assumptions regarding cost and 
efficiency improvement, PV could be competitive as a general source of electricity supply to 
the grid in the southwestern U.S. by 2010. This PV penetration in the energy market would 
replace fossil-fuel combustion technologies and will, therefore, reduce the emissions of carbon 
by 450 million tons from 1995 through 2030 on a strictly economic basis. Such penetration 
may also help to lower the marginal cost of reducing carbon emissions generated from the US 
energy system. This study is limited to describing the impact of 
highly competitive US energy market; it does not examine the PV 
markets of the developing countries. 
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1995 2000 2005 2010 2020 2030 

Capital Cost (WW) ’ 6.250 3.125 1.785 0.893 0.714 0.571 

O&M (CentskWh) ’ 2.7 0.6 0.3 0.2 0.1 0.1 

Module efficiency, % 7 10 12 14 15 16 

’ Data supplied from NRJZL for flat panel stationary systems with lifetime of 30 years; Costs in 
1990 US%; 
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Table 2. ESTIMATED COSTS OF SOME ELECFUCITY GENERATION TECHNOLOGIES’ 

Technology ’ 1995 2000 2005 2010 2020 2030 

Central Wind’ 

Capital ($/W) 0.816 

Fixed O&M (VW) 0.023 

Natural Gas Combined Cycle3 

Capital (VW) 0.691 

Fixed O&M (VW) 0.032 

Var. O&M (YGJI 0.255 

Biomass ATS Turbine Cycle4 

Capital (%/W) 

Fixed O&M (%/W) 

Var. O&M ($/Ga 

Biomass Combine Cycle4 

Capital (!§/W) 1.242 

Fixed O&M (S/W) 0.045 

Var. O&M ($/GJl 0.77 

Coal Atmosph. Fluidized Bed ’ 

Capital (S/W) 1.440 

Fixed O&M (VW) 0.033 

Var. O&M ($iGJ) 2.1 

Coal Steam6 

Capital (VW) 1.533 

Fixed O&M (S/W) 0.020 

Var. O&M ($/GJ) 1.35 

0.792 

0.020 

0.779 

0.017 

0.799 

0.017 

0.779 

0.017 

0.779 

0.017 

0.691 0.691 0.691 0.691 0.691 

0.032 0.032 0.032 0.032 0.032 

0.255 0.255 0.255 0.255 0.255 

1.060 1.060 1.060 

0.035 0.035 0.035 

0.60 0.60 0.60 

I .242 1.242 1.242 1.242 1.242 

0.045 0.045 0.045 0.045 0.045 

0.77 0.77 0.77 0.77 0.77 

I .440 

0.033 

2.1 

1.533 

0.020 

1.35 

1.440 

0.033 

2.1 

1.533 

0.020 

1.35 

1.440 

0.033 

2.1 

1.533 

0.020 

1.35 

1.440 

0.033 

2.1 

1.533 

0.020 

1.35 

1.440 

0.033 

2.1 

1.533 

0.020 

1.35 

i. .All costs are in 1990 US $ 

’ Central Wind; Capacity Factor = 0.33 

‘. Natural Gas Combined Cycle; Capacity factor = 0.80 

4 Biomass ATS Turbine & Combine Cycle; Capacity factor = 0.80 

’ Hard Coal Atmospheric Fluidized Bed; Capacity Factor = 0.6 

6 Bituminus Coal Stem Electric; Capacity factor’ 0.7 
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1995 2000 2010 2020 2030 

Low-PV -124 -100 -123 -63 0 

High-PV -78 -22 +5 +12 +25 

Low-PV-20% co* -119 -78 -52 0 +23 
1 I I I I 

High-PV-20% co2 -50 0 +26 +34 +25 

. 

. 

TABLE 4. MARGINAL COST OF CARBON REDUCTION ($/Ton) 

I 2010 1 2015 2020 2025 2030 

BASE-20%COz 238 272 283 275 267 

Low-PV-20% co2 238 267 281 272 256 

High-PV-20% CO* 238 267 280 272 251 
, 

TABLE 5 GROSS DOMESTIC PRODUCT (In billion 1990 $) 

Case/Year 1995 2000 2010 2020 2030 

BASE 6224 7045 8648 10094 11479 

Low-PV 6224 7045 8648 10094 11479 

High-PV 6224 7045 8649 10094 11482 

BASE-20% CO2 6224 7037 8537 9907 11249 

Low-PV-20% co* 6224 7037 8538 9908 11262 

High-PV-20% co2 6224 7037 8538 9910 11273 
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High-Throughput Manufacturing of Thin-Film 
CdTe Photovoltaic Modules 

Alan McMaster and Steve Johnson 

Solar Cells, Inc.. 1702 N. Westwood Ave., Toledo, Ohio 43605 

Abstract. The main obstacle to the wide spread use of photovoltaics as a major source 
of renewable energy has been cost. The key to lowering the cost of photovoltaic generated 
energy to the levels of conventional sources of energy is to have a technology that is adaptable 
to manufacturing processes. It is necessary to have a technology that is scalable in order to reach 
the production throughputs needed to make the use of photovoltaic power economically viable. 
It is also necessary to have a stable end product in order to gain wide acceptance. Solar Cells, 
Inc. (SCI) has been working at producing large-area CdSKdTe photovoltaic (PV) modules and 
the processes developed at SC1 can be scaled to achieve high production levels at cost effective 
rates. 

INTRODUCTION 

Harold McMaster founded SC1 in 1987. The focus at SC1 from the very 
beginning was to develop and manufacture low cost PV modules on a large scale 
capable of producing energy at prices competitive with conventional energy sources. 
The concept would involve developing a continuous inline PV manufacturing process 
that would be coupled to a glass float line. Currently, the industry average 
manufacturing costs of a PV module is greater than $3_OO/watt. The SC1 process would 
ultimately produce PV modules at less than $.5O/watt. The primary focus of this paper 
will be to review the advances in the development of semiconductor deposition 
equipment. 

PROCESS 

Initially, SC1 began by working with amorphous silicon semi-conductor for the 
PV modules. Early on it became apparent that this technology did not fit SCI’s goals of 
high throughput and low cost and therefore was abandoned. SCI’s scientists began a 
search for a material system that would be compatible with the company goals. CdTe 
was selected for several reasons including the following: possesses an ideal bandgap, 
has a simple structure and requires no doping, films are well bonded, devices are 
inherently stable, materials are readily available, tolerant to impurities. Most 
importantly the process is adaptable to large scale manufacturing processes. For 
example, this process is performed in the low vacuum regime. Construction and 
maintenance cost are lower compared with a high vacuum system. The natural drive 



towards the stiochiometric formation of CdTe crystals allows greater latitude in 
operating parameters and therefore greater ease of manufacturing. 

The process steps used to manufacture thin-film CdTe PV modules are listed in 

Figure 1. The key step in the process is the semiconductor deposition. SCI’s scientist 
have developed a proprietary deposition process named Vapor Transport Deposition 
(VTD). This process has increased deposition rates by an order of magnitude over close 
space sublimation. The line speed for a glass float line is typically greater than 6 
cm/set. SC1 has already demonstrated deposition line speeds of up to 4.6 cm/set, which 
would coat a 60 cm X 120 cm substrate in less than 30 seconds. There are no technical 
obstacles in reaching line speeds equal to a glass float line. 

Commercially Available Soda-Lime 
Glass With Sn02:F Coating 

I CdS Deposition 
I I 
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FIGURE 1. Process sequence in making CdTe PV modules. 

EQUIPMENT 

The semiconductor deposition process has been routinely demonstrated on the 
100 kW pilot production coating equipment. This is a batch system with a load lock 
equipped vacuum chamber. SC1 engineers are currently designing a production 50 MW 
semiconductor coating machine (Figure 2) for SCI’s first manufacturing facility. The 
actual mechanism used in VTD is simple in design and operation. Presently cross webs 
of up to 120 cm are being coated with good uniformity and material utilization. The 
ability to increase the cross web coating capability presents no technical obstacles. The 
new 50 MW coating equipment will be capable of producing plates with a width of 120 
mm and a length up to 240 mm. 



The 50 h4W coater is a scaled up version of the pilot production coating 
machine and will function similarly. An advanced 20 MW module finishing line will be 
built in conjunction with the 50 MW coater. This line will incorporate new technologies 
encompassing laser scribing, metalization and encapsulation processes. This line will 
be installed and operating by the year 2000. With this technology SC1 will be able to 
reduce the cost of photovoltaics to approximately $1 .OO/watt. 

FIGURE 2. 5OMW Production Coating Machine 

As stated earlier, it will be necessary to incorporate a glass float line into a 
continuous inline semiconductor process in order to achieve the $.5O/watt goal. This 
necessitates changing from a batch type operation using load locks to a continues inline 
system. 

Development has begun on the next generation coating equipment (Figure 3). 
By the use of a slit seal design, the load locks can be eliminated thus allowing the 
transport of a continuous glass ribbon substrate through the vacuum chamber. The 
coating would be done using the same VTD technology as in the load lock systems. 
The continuous coating system has been built, installed and is currently being tested. 
Initial testing involves the cycling of glass substrates through the system under 
simulated coating conditions. This will be followed by actual semiconductor coating 
trials. There are several advantages in using a continuous coating machine verses the 
load lock type. Throughputs can be higher due to the mechanical simplicity of the 
continuous machine. The vacuum portion of the system can be greatly reduced. Since 
all of the heating can be done at atmospheric pressure only the semiconductor coating 



portion needs to be under vacuum. The 50 MW coater has a vacuum system over 2100 
cm long verses less than 100 cm long for the continuous coating machine. Not only 
does this reduce the capital costs involved but also the operating costs. The smaller 
vacuum chamber shortens the required startup and shut down cycle, therefore 

FIGURE 3. Experimental Continuous Coating Machine 

increasing up-time. The inline process eliminates many intermediate handling steps. 
Initially the glass will be reheated using a standard roller hearth furnace. This can be 
either electric radiant heaters or gas fired convection heaters that are particularly 
efficient at heating low-E glass very uniformly. When the process is integrated into a 
glass float line much of the energy used in making the glass will also be used during the 
process steps downstream, thereby requiring limited make up heat. The TCO would be 
made online using standard atmospheric coating processes. This will supply a pristine 
surface for semiconductor deposition. The scribing would be done online using 
multiple head lasers. Eventually metalization could be accomplished using VTD 
technology. The temperature profile of the process steps is favorable, in that 
temperatures are continuously decreasing. This eliminates the need for any m-heating. 

PERFORMANCE 

Another important ingredient to the success of the process is the demonstrated 
stability of SCI’s CdTe films. SC1 Currently has eight module field installations 
actively producing solar energy and being used for demonstration and testing purposes. 
Product installed at the National Renewable Energy Labs in Golden, Colorado is 



. 

completely stable after 2 */z years of continuous outdoor exposure (Figure 4). This 
stability has also been confirmed by 40,000 hours of indoor testing performed at SCI. 
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FIGURE 4. Stability Chart for Array Installed at NREL, Golden. Colorado. 

SUMMARY 

The focus at SC1 has been the development of a high throughput low cost PV 
process. Significant progress has been made especially in the full scale demonstrations 
of high speed semiconductor deposition rates. This has allowed SC1 to proceed with a 
design of a 50 MW coating machine that will be capable of producing product at a 
profitable rate. The next generation of coating equipment, using the in-line continuous 
process can ultimately achieve the PV cost goal of $SO/watt. 
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ABSTRACT: 

The United States does not have one single guideline, code or standard by which 
photovoltaic (PV) systems may be connected to the utility grids, or for installations of 
stand-alone or PV hybrid systems. Many utilities that are active in PV programs have 
written their own guideline for PV and other dispersed generation system 
interconnections. Where no such document exists, a number of standards, guidelines, 
codes and local rules are used. Utilities have documents to include grid performance 
issues such as harmonics or voltage operating ranges. The National Electrical Code 
(NEC) focuses primarily on fire and personnel safety.[ l] The issues of waveform 
distortion, electromagnetic interference, power factor, voltage ranges, PV-system 
islanding, and performance are covered in a wide variety of other standards. The 
documents come from the Institute of Electrical and Electronic Engineers (IEEE), the 
American National Standards Institute (ANSI), the American Society for Testing and 
Materials (ASTM), and the International Electrotechnical Commission (IEC). 
Underwriter’s Laboratories, Inc. writes standards for recognizing and listing of 
components. This paper will describe efforts to ensure that the National Electrical Code, 
Article 690 -Solar Photovoltaic Systems- includes the PV-unique requirements for safe 
installations of roof mounted and building-integrated systems and will overview the 
changes that will appear in the 1999 edition of the NEC. Efforts of the other standards 
making groups will also be reviewed and described. 

INTRODUCTION: 

There is not one single guideline, code or standard by which PV systems may be safely 
installed or connected to the utility grids, and it is equally true for installations of stand- 
alone or PV-hybrid systems. Many utilities that are active in PV programs have written 
their own guideline for PV and other dispersed generation system interconnections. 
Where no such utility-generated document exists, a selection of a number of standards, 
guidelines, codes and local rules are used. The most universal requirement however, is 
that PV system installations must meet requirements of the NEC as mandated by law in at 
least 40 states and by most major cities.[l] Where the NEC has not been adopted as law, 
it is often used with additional requirements that have been added to better fit the local 
environment. [2] 

In addition to fire protection and safety as covered in the NEC, the issues such as 
waveform distortion, electromagnetic interference (EMI), power factor, voltage ranges, 
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PV-system islanding, and performance are covered in a wide variety of publications. The 
documents come from the Institute of Electrical and Electronic Engineers (IEEE), the 
American National Standards Institute (ANSI), the American Society for Testing and 
Materials (ASTM), and the International Electrotechnical Commission (IEC). 
Underwriter’s Laboratories, Inc. writes standards for recognizing and listing of 
components. 

THE NEC: 

The NEC, also (ANWNFPA 70), published by the American National Standards 
Institute/National Fire Protection Agency is the most used document for inspecting and 
accepting PV installations. The NEC does not address the issues of performance, power 
quality, islanding, operating windows for voltage or current (except for a 600-Volt 
limitation in one- and two-family dwellings), or power ratings. It does require 
components that are listed or certified by a recognized certification laboratory when those 
components are available. Also, the NEC is primarily a fire protection document, but it 
does now also address the issue of human safety with requirements for ground-fault 
interrupters and minimizing electrical shock hazards. 

The NEC was established and has been continually revised and expanded since 1897. It 
deals with the safe installation and use of nearly all electric power components and 
systems that are outside of the utility owned and operated generation or distribution 
system. Control circuits, computer and data processing circuits, antenna cables and 
CATV systems, fire-alarm circuits, and nearly all other low- and high-powered electrical 
and electronic circuits are included. Automobiles, railroad cars, ships and self-contained, 
PV-powered devices like wristwatches, calculators, and small toys are not covered by the 
NEC. 

Nearly all devices that have external electrical terminals, that must be wired or connected 
to other powered or power supplying devices, come under the auspices of the 
requirements established by the NEC. Motor-driven generators are also covered, as are 
systems with voltages less than 50 volts, emergency systems, and legally required 
standby power systems. 

Article 690 -Solar Photovoltaic Systems-, covers PV systems and was added to the NEC 
in 1984. It has been revised and expanded in 1987, 1990, 1993, 1996 and now the1999 
editions. Although 1984 was the first time PV systems were explicitly mentioned, there 
is a general understanding among electrical inspectors, who enforce code compliance, 
and some electrical contractors, that PV power systems have always come under the 
NEC. 

Residential-size PV systems are limited to single-phase installations. Intermediate- and 
Central Station-size systems range into the megawatt size, are generally three-phase, and 
are covered by this same NEC Article 690. There is no categorization except for class of 
equipment that must be used to meet the voltage and power requirements. The NEC does 
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limit the dc voltage for PV systems to 600 volts for residential applications, and this 
limitation was specified for one-and two-family dwellings for the 1999 NEC. 

The 1999 NEC code revision cycle has been completed. There were fifty-nine proposals 
submitted for changes in Article 690 of the NEC this cycle by an ad hoc Task Group 
appointed by the National Fire Protection Association as requested by the chairman of 
Code Making Panel 3 (CMP#3). The Task Croup was asked to provide expertise to 
determine if the scope of Article 690 was sufficient or if the Article needed to be 
rewritten. The Task group was also required to provide substantiation for each proposal 
it submitted and to study the issues that needed clarification or expansion in Article 690. 

THE ARTICLE 690- SOLAR PHOTOVOLTAIC SYSTEMS- TASK GROUP: 

Collaborative work was completed by the PV industry-supported Task Group to write 
proposals for changes to bring Article 690 of the 1999 NEC up to the state-of-the-art in 
PV device and system technology. The Task Croup consisted of nine members was 
appointed by the National Fire Protection Association as an “ad hoc Task Group” for 
Article 690 - Solar Photovoltaic Systems. The Department of Energy’s National 
Photovoltaic Program, the Solar Energy Industry Association (SEIA), and most 
importantly by all sectors of the PV module and balance-of-system industries supported 
the Task Group. 

Seven meetings served to unify the PV industry participants on code issues. The 
meetings were held as joint events between the NEC Article 690 Task Group and the 
SEIA, Standards and Codes Technical Review Committee. Discussions, information 
exchange, and industry consensus also served to greatly clarify the needs and 
justifications for the proposed code changes. A number of the changes were needed 
because of recent advances in technology. They included AC PV modules, modular 
inverters with multiple modes of operation (utility-interactive, stand-alone, and hybrid), 
triple-junction PV modules, building-integrated PV such as roofing shingles, PV- 
laminated roofing, window walls, and facades. Many changes were also written to 
provide clarifications of the current language or to change requirements currently 
included in the NEC. 

The Task Group wrote and submitted 59 proposals for PV system-related changes to the 
National Fire Protection Association (NFPA). The work concentrated on PV industry- 
prioritized issues related to safety and installation. Changes were proposed for fire and 
personnel safety, system servicing, AC PV modules, integration of PV into building 
electrical systems, point-of-connection for building-integrated systems, clarifications for 
hybrid systems, batteries, and charge controllers. All proposed changes made by the 
Task Group were based first on safety. Other considerations were PV system installation 
impacts, good engineering practice, interconnection with the utility grid, availability of 
hardware, and system cost and performance. Close coordination with Underwriters 
Laboratories, Inc. (UL) and the Institute of Electrical and Electronic Engineers (IEEE) 
standards committees have also been an important part of this work.[3][4][5] 
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SUMMARY OF ARTICLE 690 CHANGES FOR 1999: 

Definitions 

Changes addressed all sections of Article 690. A significant number of changes and 
additions were proposed in the definition section. They defined new devices, tied the 
Sections of Article 690 to the remainder of the code, and improved consistency in 
language throughout Article 690. Table 1 lists the new and changed definitions. 

Definition Type of Impact, Consequence or Description 
Change 

AC Module (AC New Definition. Allows AC module applications. Defines AC 
PV Module): modules as a complete listed package for Section 690- 

6 (AC Modules). 
Array: Minor Change to Removed the old reference to thermal controller. 

clarify and 
correct. 

Charge Controller: New Definition. Defined the role of charge controller in PV systems. 
Electric New Definition. Defined a utility grid as one that is not controlled by 
Production and the PV system. Needed to better differentiate hybrid 
Distribution 
System: 
Hybrid System: 

Interactive 

New Definition. 

Change 

systems.. 

Defined hybrid systems and energy sources in hybrid 
systems. 
Defined an interactive system as tied to the utility 

System: 
Inverter: 

Inverter Input 
Circuit: _ 

Definition. grid. 
Change Better defined charging functions associated with 
Definition. some inverters. 
Minor Change to Defined inverter input circuit for both stand-alone and 

1 Clarify - 1 interactive invertek 

Inverter Output 

Application 
Definitions. 
Minor Change to Clarified defmition to be consistent with new Figure 

Circuit: _ 

Module: 

Photovoltaic 
Output Circuit: 
Photovoltaic 
Source Circuit: 
Stand-alone 

Clarify with New 1. 
Figure 1. 
Minor Change to Clarified definition and differentiated AC modules. 
Clarify New 
Definition. 
Minor Language Changed to make language consistent. 
Change. 
Minor Language Changed to make language consistent. 
Change. 
Change to Clarified and removed tie to utility interactive 

system: 
System Voltage: 

ClarifL. systems. 
New Definition. Added to provide consistency throughout Article 690. 

. 

Table 1. List of definition changes for 1999 Article 690, NEC 
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New Part I Added for Systems Greater than 600 V 

One new part was written for Article 690 to provide requirements for PV systems 
operating at greater than 600 Vdc. It was designated Part I. The addition of Part I, 
dealing with PV systems with dc voltages greater than 600 volts, and clarification that 
installations in single- and two-family dwellings be limited to 600 volts, gives valuable 
safety requirements for PV installations. The addition also clarifies the intent of PV- 
system voltage calculations and requirements, and makes it perfectly clear that systems 
with maximum system voltages over 600 volts must use a different set of requirements 
consistent with Article 710. 

New Sections for Article 690 

Several new sections for Article 690 were also proposed for the 1999 NEC. One 
completely new section (Section 690-6 - AC Modules) was added to address 
requirements for the new AC PV module products and their connection to the utility 
lines. Other new sections included 690-10: Stand-alone Inverter, 690-l 1: Sizing and 
Protection, 690-52: AC Photovoltaic Modules, 690-54: Interactive System Point-of- 
Connection, 690-60: Identified Interactive Equipment, ,and 690-72: Charge Control. 
Some of the new sections consisted of language modified and/or moved from other parts 
of Article 690. Other changes were added for clarification and to address new 
applications, other new language and/or definitions. 

PV-Unique Features Highlighted with Revised Figure 

Revisions of the existing Figure 1 of Article 690 were needed to clarify the intent of the 
figure. Numerous installations have been plagued with uncertainty because designers 
have tried to use the existing figure for system design, or because electrical inspectors 
have insisted that the installed system should look like the figure. The new figure 
specifies that it is for component identification only and is purposely designed to identify 
PV-unique components, connections and system options. The new figure includes 
connection and configuration nomenclature and options for grid-tied, stand-alone, and 
hybrid PV system applications. 

Removal of Cross References 

Deletion of a requirement (690-3) to install a PV system in accordance with the 
provisions of Article 705 “Interconnected Electric Power Production Sources” clarifies 
PV-system installation requirements. PV systems and equipment have characteristics 
that are justifiably different from other interactive equipment such as uninterruptible 
power supplies and emergency generators addressed in Article 705. This deletion 
eliminated the cross-reference in the NIX and allows Article 690 to stand on its own for 
PV installations. 
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Ground Fault Protection 

A revised Section 690-5 provides much needed clarification for ground-fault protection 
of residential roof-mounted PV installations for fire protection. The revisions provide 
rules for the detection, interruption and indication of ground faults. Indication is a very 
important addition here, since ground-fault interruption of grounded PV sources may 
involve disconnecting (or lifting) the grounded conductor or placing a high resistance in 
the ground path. The 1996 NEC gave no direction. The 1996 NIX Handbook tried to 
address the issue, but used the term “disable the array” that was a topic of more 
confusion, since the only way to truly disable an array is to block the sunlight. The 
revisions give requirements for disconnecting the faulted PV source, interrupting the fault 
current, and indicating the status or condition of the system. 

AC PV Modules 

A very significant proposal for building-integrated PV was the addition of Section 690-6 
to provide the hardware, circuit and labeling requirements for installation of the new and 
evolving AC module technologies. Although just emerging as a new product, these 
devices will very likely find their way to hardware and department stores, architect’s 
manuals, and builder’s product lines by the time the 1999 NEC is issued. There have 
been more than 100 AC PV modules installed in the USA already, and new orders exist 
for more than 1000. 

This new section provides the necessary functional requirements for safe installation and 
connection of listed AC modules to the utility lines and provides the requirements for 
labeling AC PV modules. The new section 690-6-AC Modules is reproduced below. 

(a) Photorioltaic Source Circuits. The requirements of Article 690 pertaining to 
photovoltaic source circuits shall not apply to ac modules because the photovoltaic 
source circuit conductors and inverters are all one integral unit. 
(b) Inverter Output Circuit 7&e output of an ac module shall be considered an 
inverter output circuit. 
(c) Disconnecting Means. A single disconnecting means, in accordance with 690-I 7, 
shall be permitted for the combined ac output of one or more ac modules. 
Additionally, each ac module in a multiple ac-module system shall be provided with a 
connector, bolted, or terminal-type disconnecting means. 
(d) Ground Fault Detection. AC module systems shall be permitted to use a single 
detection device to detect or@ ac groundfaults and to disable the array by removing 
ac power to the ac module(s). 
(e) Overcurrent Protection. The output circuits of ac modules shall be permitted to 
have overcurrent protection and conductor sizing in accorakce with Article 240-4, 
Exception No. 2. 

Section (a) above acknowledges that AC PV modules have no user-accessible dc circuits 
and that other dc requirements of PV source circuits in Article 690 are not applicable. 
Section (c) allows the combined output of multiple AC PV modules to feed a single 
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dedicated branch circuit provided that each AC PV module is provided with an accessible 
disconnect. 

System Voltage versus Temperature Compensation 

Section 690-7 begins with new language for determining maximum system voltage and 
other circuit requirements. The new Table 690-7, “Voltage Correction Factors for 
Crystalline and Multi-crystalline PV Modules,” and the rules for applying the 
temperature correction for crystalline and multi-crystalline PV applications more 
accurately use local temperature corrections to open-circuit voltage in those systems. 
This table addresses the PV module technology (crystalline) that has the greatest 
temperature coefficient for open-circuit voltage. The temperature break points for the 
temperature ranges in the table are carefilly selected to match PV modules that are 

Ambient For ambient 
T 

Approximate 
Temp. OC temperatures below Ambient 

25“C (7799, multiply Temp. “F 
the rated open-circuit 

voltage by the 
appropriate factor 

shown below 
25 to 10 1.06 77 to 50 

^ ^ _ _^ 
49 to 32 
31 to 14 
13 to -4 

-5 to -40 
Table 2. Proposed Table 690-7 Voltage Correcuon ractors 
for Crystalline & Multicrystalline Silicon Modules. 

commercially available. 
Section 690-7(a) also gives 
instructions to refer to 
manufacturer specifications 
when other than crystalline 
PV technologies are installed. 
The new table is reproduced 
below as Table 2.[3] 

A comparison of the 1996 and 
the new 1999 NEC is 
provided here to illustrate the 
positive impact of the new 
Table 690-7. This example 
shows how the change will 

allow for continued safe installation of PV systems in all climatic regions of the country, 
while making allowances for regional climatic differences that were previously ignored 
and unnecessarily restricted the PV systems’ designers and installers. The example is for 
a PV installation in Phoenix, AZ where the coldest temperature is -9°C (16OF). The 
example system uses crystalline silicon PV modules that are listed to UL Standard 
1703.[3] The design requires strings of 24 series-connected modules, each with a rated 
open-circuit voltage of 22 V, to optimize performance and utilization of the inverter. The 
system designer or integrator must multiply the rated open-circuit voltage of the modules 
by 125% to allow for the worst-case cold-temperature of -4OOC under the requirements of 
the 1996 NEC and using the current UL-1703 listing criteria. No allowance was 
provided for the fact that the coldest recorded temperature in Phoenix is -9°C. Using the 
125% factor allows only 21 modules to be connected in series (21 X 22 X 1.25 = 577.5 
Volts) to keep the string voltage less than 600V. Engineers using only UL label 
information on the PV module to design the example system have discovered that the 
inverter operating window no longer matched the PV array output, sometimes requiring 
expensive inverter modifications. 
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Using the new Section 690-7 and new Table 690-7 allows the designer or system 
integrator to calculate the system voltage using a temperature-dependent factor more in 
line with the Phoenix environment. The new calculation allows a multiplication factor of 
1.13 from the new Table 690-7 that corresponds to a minimum temperature range of - 1 to 
-10°C (3 1 to 14OF). With the new 1999 NEC, the system can now use 24 modules in 
series (24 X 22 X 1.13 = 597 Volts) and remains under the 600-volt limit for a residential 
application. 

Solar Irradiance and Conductor Deratings 

Solar h-radiance of 1250 W/m’ is common in many parts of the country. The integration 
of the PV module current factor of 125%, which is currently written as a UL’ requirement, 
and the NEC-required 80% derating factor for continuous current for all conductors and 
overcurrent devices has been needed. Many opened fuses and loose connections in early 
PV systems can be attributed to overheating due to undersized wiring or improper 
temperature ratings for terminal blocks and fbses. There has been much confusion in 
applying these factors because they appear in different documents, but the change (690-8) 
for 1999 puts all requirements in the NEC and simplifies the calculation. Coordination 
with UL will remove the 125% requirement from the UL-1703 Standard used for listing 
PV modules [3]. The new language is reproduced below [3]. 

690-8. Circuit Sizing and Current. 
(a) Computation of Maximum Circuit Current. The m&mum current for the 
specific circuit shall be computed as follows: 

(1) Photovoltaic Source Circuits. The mmcimum current shall be the sum of 
parallel module rated short-circuit currents multiplied by 125 percent. 
(2) Photovoltaic Output Circuit The maximum current shall be the sum of 
parallel source circuit rated short-circuit Currents as calculated in (I). 
(3) Inverter Oulput Circuit. The maximum current shall be the inverter ou2put 
current rating. 
(4) Stand-Alone Inverter Input Circuit. The maximum current shall be the stand- 
alone inverter input current rating when the inverter is producing rated power at 
the lowest input voltage. 

@) Ampacity and Overcurrent Devices. Additionally, circuit conductors and 
overcurrent devices in solar photovoltaic systems shall be sized at not less than 125% 
of the maximum currents as computed in (a) above. The rating or setting of 
overcurrent devices shall be permitted in accordance with Sections 240-3(b) and (c). 

Exception: Circuits containing an assembly together with its overcurrent device(s) 
that is listedfor continuous operation at 100 percent of its rating shall be permitted 
to be utilized at 100% of its rating. 

(c) Systems with Multiple DC Voltages. For a photovoltaic power source having 
multiple output circuit voltages and employing a common-return conductor, the 
ampacity of the common-return conductor shall not be less than the sum of the ampere 
ratings of the overcurrent devices of the individual output circuits. 
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Interconnection Requirements 

Two related new sections address connecting inverters to service entrance panels. They 
were written to clarify the requirements for supplying power (690-10) to service entrance 
hardware at lower than service panel rated currents and sizing conductors (690-l 1). 
Proposals using a “maximum system voltage” terminology were also written to provide 
code language consistency. 

A proposal was also submitted to provide the necessary language in Section 690-64(b) to 
allow the ac connection of PV systems at the load side of the service disconnecting 
means or at any distribution equipment on the premises. This serves the practical side of 
PV systems since PV arrays may be located on the roof of buildings and the service 
disconnecting means is usually at a lower level in an equipment room. These changes 
will better facilitate building-integrated PV installations. 

An example for a commercial PV interconnection is a PV-powered, electric vehicle 
charging station on a commercial building that has a main circuit breaker rated at 300 
amps at the ac load center. Six 60-amp load circuits and breakers are connected to the 
load center to supply power to six battery chargers. 

A 60-amp circuit breaker is added to the load center to allow the output from a PV utility- 
interactive inverter to supply PV power to the main panel, hence the charging stations. 
This new connection could allow the bus bars in the load center to be over loaded. If all 
six charging stations are drawing 60 amps and the PV system is supplying 60 amps, then 
the grid is supplying 300 amps. Circuit breakers would not trip, but the internal 300-amp 
bus bars in the load center could be over loaded and carrying up to 360 amps. Section 
690-64(b)(2) q re uires that the sum of the ratings of all overcurrent devices connected to a 
cable, conductor, or bus bar be less than the ampacity of that conductor. 

Solutions for adding PV to this system are to reduce the total ratings of the input breakers 
to be equal to or less than the load center rating. 
1. The 300-amp load center could be replaced with a load center having a rating of 360 

amps or higher while retaining the 300-amp main breaker. 
2. If the actual power drawn by the charging stations were less than 240 amps, the rating 

of the main circuit breaker could be reduced to 240 amps while retaining the 300-amp 
load center. 

The restrictions for residential installations (690-64(b)(2) (Exception)) are not as 
stringent as for commercial applications. The sum of the overcurrent devices in 
residential applications can be up to 120% of the rating of the load center. 

A residential load center rated at 100 amps may accept a 20-amp feeder from a PV 
system (2400 watts of PV at 120 volts or 4800 watts at 240 volts). A load center rated at 
200 amps may accept a 40 amp feeder from a PV system (4800 watts of PV at 120 volts 
or 9600 watts at 240 volts). These power levels are consistent with the maximum 
expected sizes of residential PV systems. 
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Inverters and Multi-wire Branch Circuits 

A proposal to permit a single-phase, 12OV inverter to supply power to a single-phase 
120/24OV service entrance panel provided there are no multi-wire branch circuits was 
made to clarify PV system connections to service entrance panels. There are estimated to 
be more than 50,000 such inverter installations already, but no allowance for them is 
given in the existing code. The multi-wire branch circuits contain a common neutral 
conductor that may be overloaded when used with single 120V-inverters. The task group 
will provide additional input to the NFPA to insure concerns are addressed in the 1999 
N-EC. 

For example, many newer houses are wired with multi-wire branch circuits to reduce the 
cost of wiring. These multi-wire branch circuits are connected so that the 120/24OV load 
center supplies a three-wire with ground cable from two circuit breakers connected to 
each (opposite) side of the 120/24OV service. A common neutral is run with the 
ungrounded conductors to a remote location in the dwelling. The three-wire 120/24OV 
cable is then split into two separate 120V branch circuits, and the common neutral 
conductor is spliced to two separate neutral conductors. The common neutral conductor 
(between the load center and the point where the circuit branches) carries the difference 
in currents from the two 120V branch-circuits when connected to 120/24OV because the 
currents are 180’ out of phase. 

In a stand-alone PV system, a single, 120V inverter may be connected to the dwelling 
load center by connecting the output of the inverter to the two ungrounded conductors 
leading to the main load center disconnects. The currents in the two 120/240 conductors, 
which are out of phase when connected to a utility, are in phase when connected to a 
single inverter, and currents in the common neutral in the multi-wire branch circuit that 
subtracted (difference) are now in phase and add. When both of the 120V branch circuits 
are tilly loaded, the neutral conductor in the multi-wire branch circuit now carries twice 
its rated current and is not protected by an overcurrent device. 

Suggested solutions for connecting 120V inverters to service entrance panels include: 
I. Removing the multi-wire branch circuits by rewiring into separate 120-volt branch 

circuits, 
2. Connecting both hot conductors of the multi-wire branch circuit to a single circuit 

breaker, 
3. Adding a second inverter to provide 120/240+olt power that is phased like the utility. 

All solutions involve reconfiguration of the electrical system and should be made only 
if other code requirements, such as exceeding the maximum allowable number of 
receptacles on a branch circuit, are not violated. Additionally, the output current of a 
single inverter must be limited by a single overcurrent device rated no higher than the 
rating of the load center to prevent possible overloading of the neutral buss in the load 
center. 
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IEEE STANDARDS, RECOMMENDED PRACTICES AND GUIDELINES: 

The IEEE has published seven standards and guidelines related to PV system components 
out of Standards Coordinating Committee 21 (SCC21) on Photovoltaics. IEEE Standard 
1262, “Recommended Practice for Qualification of Photovoltaic Modules was the latest 
publication.[6] Other important SCC21 documents include terrestrial PV system criteria, 
recommended practices for installation of batteries for PV systems, and recommended 
practices for sizing of batteries for PV systems.[6][7][9] The recommended practices for 
batteries are now in the process of being recertified.[9] 

PV System Safety Guideline 

The fire safety and personnel safety of installed PV systems is a top priority for 
designers, installers, inspectors and users. The NEC spells out the installation 
requirements for installation of all electrical systems, but the 1069 pages are often 
unfamiliar to those involved with PV systems. A Project Authorization Request (PAR) 
1374 to write a guideline titled “IEEE Guide for Terrestrial Photovoltaic Power Systems 
Safety” has now been completed. The guideline has been successfully balloted and will 
become IEEE Standard 1374 during the fall 1998. It is written to provide an easily read 
safety document targeted specifically for PV systems. It is closely correlated with the 
NEC and other ANSI/IEEE recommended practices and standards. 

The purpose of the guide is to describe PV-specific topics or components related to the 
design and installation of PV power systems that affect safety, and to suggest good 
engineering safety practices for PV electrical balance-of-system design, equipment 
selection and hardware installations. PV-unique electrical power requirements are 
emphasized in the guide. The guide describes system types and addresses wiring for PV 
modules, balance-of-system, and batteries. Particular attention is given to the critical 
temperature considerations required for PV systems at the module and array level, 
voltage ratings, cable and insulation types, wiring ampacity, and sizing calculations 
needed for safe and reliable design. Other important topics such as overcurrent 
protection, disconnects, grounding, surge and transient protection, and instrumentation 
are also described with examples and recommendations for selection of the hardware. 
The guide is carefully cross-referenced to the applicable articles and sections in the NEC. 

Utility Interconnect and Interface Guidelines 

A very critical standard for utility interface and interconnects, now designated PAR929, 
“Recommended Practice for Utility Interface of Photovoltaic (PV) Systems,” is currently 
being revised and rewritten with a targeted publication date also late 1997. This 
document is being revised by utility and PV industry experts to integrate the utility and 
PV system issues into a document that can be used by utilities, designers and installers 
for utility-interactive PV systems. 

Important issues that are the focus of the PAR929 revision include defining the 
requirements for inverter shutdown under abnormal utility condition, anti-islanding 
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protection, reconnect after a utility disturbance, the need for manual disconnects, power 
quality requirements, and direct current isolation. 

Field Test Methods for Grid-Connected PV Systems 

Field test methods are being formulated for PV systems through an approved project 
authorization request designated PAR1373, “Recommended Practice for Field Test 
Methods and Procedures for Grid-Connected Photovoltaic Systems,” The PAR was 
issued in 1993, and the document has now been reviewed by the committee. The test 
methods specified in this document could be used for confirming performance of newly 
installed PV systems or used to obtain data to determine if systems were subject to 
degradation over time. Tests for inverters, modules, and arrays will be included in the 
guideline. 

PV Module Energy Rating 

A project authorization request was submitted for 
was approved in September 1996. The working 
groups and was designated PAR1479. Work is 
submitted to the SCC21 committee for review. 

Concentrator PV Receivers and Modules 

module energy rating in July 96 and 
group includes industry applications 
progressing and the draft has been 

A project authorization request was submitted for concentrator PV technologies including 
the receiver sections and PV modules has also been submitted. It is awaiting IEEE 
standards board PAR approval. The approval is expected during the summer of 1998 and 
work is progressing toward a standard for testing and certifying concentrator PV 
hardware. 

LISTING STANDARDS: 

Underwriters Laboratories, Inc. is currently in the process of reviewing the proposed first 
edition of the “Standard for Inverters, Charge Controllers and AC Modules for Use in 
Residential Photovoltaic Power Systems, UL1741”. UL conducted an UL Industry 
Advisory Group (IAG) meeting in January 1997 to review the latest version of their 
Subject 1741, the draft standard intended for listing inverters and charge controllers and 
AC modules for use in PV power systems. The meeting was held to allow IAG members 
to provide PV industry input during preparation of the draft standard and before public 
review. The IAG consisted of participants associated with PV module manufacturing, 
inverter manufacturing, charge controller manufacturing, ac module development, 
systems integration and the US DOE Photovoltaic Program. The UL goal for publishing 
the completed standard projected for December 1998 but correlation with the IEEE P929 
may delay the publish date. The draft UL1741 now includes new language for testing 
and listing of AC modules, charge controllers and invetters. [4] Dates were established 
to coincide with the 1999 NEC in order that code changes may also be reflected in the 
UI_, standard. The timing also allows UL to incorporate requirements spelled out in the 
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revised IEEE 929 “Guideline for Interconnection of Photovoltaic Power Systems to 
Utility Grid” in the UL1741. UL has also begun review of their UL1703 “Standard 
Flat-Plate Photovoltaic Modules and Panels.“[3] 

the 
for 

ASTM: 

There are more than 20 ASTM standards related to PV systems, performance, testing, 
reference cells, insulation integrity, mechanical integrity and corrosion testing for PV 
components.[lO][l l] Additional six documents are being worked on with expected 
publication dates in the 1999 time frame. Documents being written or revised, as of 
April 1997, include a test method for electrical performance and spectral response of 
multi-junction PV cells and modules, a test method for PV array wet insulation 
resistance, a specification for solar simulation for terrestrial PV testing, test methods for 
measuring spectral response of PV cells, and a test method for PV modules in cyclic 
temperature and humidity environments. 

IEC TECHNICAL COMMITTEE 82 (IEC 82) STANDARDS: 

The IEC TC 82 has published more than 19 PV-related standards. PV-related standards 
already published include procedures for measuring I-V characteristics and using 
temperature and irradiance correction to the measured I-V characteristics for PV cells and 
modules, spectral response and mismatch measurements, solar simulator performance 
requirements, overvoltage protection for PV systems, characteristics of stand-alone PV 
systems, module design qualification for crystalline and thin-film PV, corrosion testing, 
impact damage, utility interface characteristics, and on-site measurements of I-V 
characteristics of PV arrays.[8] Work underway includes a new safety standard for PV 
modules, a PV module environmental test standard for marine environments, a new 
method for determining the linearity of PV devices, a new method for defining solar 
simulator requirements, and new standards for rating PV modules for power and energy 
delivery. IEC standards are considered to be the most likely base-line criteria for the 
emerging PVGAP (global accreditation program). 

LEA PV POWER SYSTEMS COLLABORATION: 

The IEA Photovoltaic Power Systems (IEA PVPS) Implementing Agreement was 
established in 1993 as an effort by 20 countries to focus on the planning, design, 
construction, operation, performance, and promotion of photovoltaic power systems. The 
mission of the program is to enhance international collaboration efforts through which 
photovoltaic energy becomes a more significant energy option in the near future. The 
United States is currently active in five of the seven annexes of the implementing 
agreement as listed below. 

Task I is responsible for the exchange and dissemination of information on photovoltaic 
power systems (PVPS). Task IV is focused on modeling of dispersed PVPS in support of 
the utility grid, but currently is limited to an ud hoc task group between the USA and 

Italy. Task V concentrates on the technical issues for grid interconnection of building- 
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integrated and other dispersed PVPS. Task VI focuses on the design and operation of 
modular photovoltaic plants for large-scale power generation. Task VII has just begun 
and will focus on PVPS in the building environment. Task VII held the second official 
meeting at Soltech in May 1998. Task VII concentrates on building-integrated PV 
systems and issues. A new Task IX is currently being proposed to address issues 
associated with PV applications and infrastructure in developing countries. 

US participation concentrates primarily on Task I, Task V and, recently, Task VII. Task 
I has identified three subtasks. They are to publish a PVPS status survey report to be 
updated every two years, to provide quarterly newsletters, and to hold an executive 
conference on strategic photovoltaic business opportunities for utilities. The second bi- 
annual survey report was published in March 1997 and has been distributed to the US 
photovoltaics industry through the Edison Electric Institute and Sandia National 
Laboratories. The Edison Electric Institute participates in Task I by supporting their US 
expert while Sandia provides the alternate expert member and technical support for the 
task. The “Executive Conference on Strategic Photovoltaic Business Opportunities” was 
held in the US in September 1995 as part of Task I activities. 

The US DOE participates directly in Task V and a new Task VII through Sandia and the 
National Renewable Energy Laboratory. Task V has an overall objective to develop and 
verify technical requirements that will serve as technical guidelines for grid 
interconnections for building-integrated and other dispersed power systems. These 
guidelines focus on safety and reliable interties to the grid at the lowest cost. The work 
focuses on three categories: review, definition of guidelines, and collaborative testing to 
demonstrate technical issues such as islanding or control algorithms with solutions to 
identified problem areas. Task V has already published reports on existing interconnect 
guidelines for PVPS interconnections and on utility distribution systems. A report on 
interconnection equipment is also available for distribution to industry. Nine technical 
topics are under investigation in Task V for addressing utility-interconnect guidelines. A 
summary of the findings and proposed guidelines for each will be published as part of the 
final report for Task V and distributed through Sandia and the IEA. The final report will 
be presented at the next Task V meeting in Albuquerque in September 1998. 

Another important milestone for Task V work was an international workshop that was 
held in Zurich, Switzerland on September 15 and 16, 1997. The workshop was designed 
to involve utilities, inverter manufacturers, photovoltaic system suppliers, and engineers 
in international discussions to discuss guidelines that may be used and an international 
level. Topics included islanding, reclosing, external-disconnect requirements, 
overvoltage protection, grounding, and dc injection. 

SUMMARY: 

. 

Publication of the 1999 NEC, with a strong and well-developed Article 690 on PV power 
systems, represents a safety code that enables PV systems to be installed with well 
understood requirements, to be easier to inspect, and, above all, to be safer for the user 
and for maintenance. Good installation practices required by the NBC will also improve 
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long-term system performance and reliability. Publication of new IEEE standards and 
guidelines will serve the PV industry and the utilities by providing clearly defined 
qualification procedures, interface requirements and design criteria. ASTM standards 
already in place and scheduled for publication in the near future will provide the means 
for test methods for components and materials. The IEC international standards will 
provide the international perspectives and requirements for the manufacturers and 
designers of PV systems. Convergence of the publication of these codes, standards and 
guidelines in the 1999 time frame will strengthen the PV industry’s ability to design, 
install and apply the technology in a wide range of applications. 
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Document # 

IEEE Standards/Guidelines for PV Components and Systems 

Title 

519 

928 

929 

IEEE Guide for Harmonic Control and Reactive Compensation of Static Power Converters 

IEEE Recommended Criteria for Terrestrial Photovoltaic Power Systems. 

IEEE Recommended Practice for Utility Interface of Residential and Intermediate Photovoltaic 
Systems. (Being Rewritten) 

937 

1001 

IEEE Recommended practice for Installation and Maintenance of Lead-Acid Batteries for 
Photovoltaic Systems 
IEEE Guide for Interfacing Dispersed Storage and Generation Facilities with ELct.ric Utility 
Systems 

1013 

1035 

IEEE Recommended Practice for Sizing Lead-Acid Batteries for Photovoltaic Systems 

IEEE Recommended Practice: Test Procedure for Utility-Interconnected Static Power 
Converters. (Out ofPrint) 

1144 

1145 

1146 

1262 

1374 

WG CS 

Sizing of Industrial Nickel-Cadmium Batteries for Photovoltaic Systems 

IEEE Recommended Practice for Installation and Maintenance of Nickel-Cadmium Batteries 
for Photovoltaic Systems 
IEEE Recommended Practice for Grounding of Battery Subsystems in Photovoltaic Systems 

Recommended Pmctice for Qualification of Photovoltaic Modules 

Guide for Terrestrial Photovoltaic Power System Safety 

Special Publication on Static Power Converters Serving as the Utility Interface Package ( IEEE 
PES Power System Relay Committee, WG C5) 

C62.41 IEEE Recommended Practice on Surge Voltages in Low-Voltage AC power Circuits 

Title 

P 1361 

P 1373 

Recommended Practice for Determining Performance Characteristics and Suitability of 
Batteries in Photovoltaic Systems 
Recommended Practice for Field Test Methods and Procedures for Grid-Connected 
Photovoltaic Systems 

P-1479 Recommended Practice for the Evaluation of Photovoltaic Module Energy Production 

P-1513 Recommended Practice for Qualification of Concentrator Photovoltaic (PV) Receiver Sections 

I P 926 I PV Energy Performance Ratings. 

P 927 
I 

PV Energy calculations. 



Document # 

E 927-91 

ASTM E44.09 Standards/Guidelines for PV Components and Systems 
Title 

Specification for Solar Simulation for Terrestrial Photovoltaic Testing 

E 948-83 Test Methods for Electrical Performance of Non-Concentrating Terrestrial Photovoltaic Cells 
Using Reference Cells 

E 973-91 

E 1021-91 

E 1036-85 

E 1038-93 

Test Method for Determination of the Spectral Mismatch Parameter Between a Photovoltaic 
Device and a Photovoltaic Reference Cell 
Methods for Measuring the Spectral Response of Photovoltaic Cells 

Methods of Testing Electrical Performance of Non-Concentrator Terrestrial Photovoltaic 
Modules and Arrays Using Reference Cells 
Test Method for Determining Resistance of Photovoltaic Modules to Hail by Impact with 
Propelled Ice Balls 

E 1039-85 

E 1040-93 

Method for Caliiration and Characterization of Non-Concentrator Terrestrial Photovoltaic 
Reference Cells Under Global Irradiation 
Specification for Physical Characteristics of Non-Concentrator Terrestrial Photovoltaic 
Reference Cells 

E 1125-86 

E 1143-87 

Test Method for Calibration of Primary Non-Concentrator Terrestrial Photovoltaic Reference 
Cells Using a Tabular Spectrum 
Test Method for Determining the Linearity of a Photovoltaic Device with Respect to a Test 
Parameter 

E 1171-93 Test Method for Photovoltaic Modules in Cyclic Temperature and Humidity Environments 

E 1328-90 Terminology Relating to Photovoltaic Solar Energy Conversion 

E 1362-90 
I 

1 Test Method for the Calibration of Non-Conantrator Terrestrial Photovoltaic Secondary 

I Reference Cells 

E 1462-92 
E 1524-93 

Test Method for Insulation Integrity and round Path Continuity of PV Modules 
Test Method for Saltwater Immersion and Corrosion Testing of Photovoltaic Modules for 
Marine Environment 

. 

ASTM E44.09 Standards/Guidelines in Progress for PV Components and Systems 

Document # 

131 Test Method for Conantrator Devices 

Title 

192 

198 

199 

200 

201 

Test Method for Solar Radiation Weathering of Photovoltaic Modules 

Test Method for Saltwater Pressure, Immersion and Temperature Testing of Photovoltaic 
Modules for Marine Environments 
Test Method for Wet Insulation Integrity Testing of Photovoltaic Modules 

Test Method for Electrical Performance and Spectral Response of Multi-junction Photovoltaic 
Cells and Modules 
Test Method for Mechanical Integrity of Photovoltaic Modules 



. 

Document # 

IX-891 

IEC-904-l 

IEC-904-2 

IEC-904-3 

II51 173 

Ix-1215 

IEC TC-82 Standards/Guidelines for PV Components and Systems 

Title 

Procedures for Temperature and Irradiance Corrections to Measured I/V Characteristics of 
Crystalline Silicon PV Devices 
Measurement of PV I/V Characteristics 

Requirements for Reference Solar Cells 

Measurement Principals for Terrestrial PV Solar Devices with Reference Spectral Irradiance 
Data 
Over voltage Protection for PV Power Generating Systems 

Design and Type Approval of Crystalline Silicon Terrestrial PV Modules 

Underwriters Laboratories Inc., Certification for PV Components 

Document # Title 

UL-1703 Flat-Plate Photovohaic Modules and Panels* 

*Note: Various Certiiication Laboratories use a combination of their standards and UL Standards for testing. 
Other Non-PV Standards are used where needed. 

Document # 

Ix-1741 

Proposed Underwriters Laboratories Inc., Certification for PV Components 

Title 

Proposed Draft of the Standard for Static Inverters and Charge Controllers For Use in 
Photovoltaic Power Systems 

Current National Electrical Code for PV Systems 

Document # Title 

ANWNFPA 70- National Electrical Code, Article 690 and Other Pertinent Articles Related to Solar 
19% Photovoltaic Systems 

1 I I 

Current FCC Documents Used for PV Components and Systems 

Document # Title 

FCC Rules & Part 15, Radio Frequency Devices, Subpart B 
RCgUhltiOnS 

1. Note: Some of the documents associated with batteries are typically not used with grid-interactive systems but 
may be used with some of the new bi-mode or fourquadrant inverters and also PV arrays. 
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SUMMARY 

In the past, most of net energy or environmental analysis studies of photovoltaic (PV) systems have 

been focused on the module manufacturing issues. On the contrary, this paper focuses more on the 

Balance-of-System (BOS), particularly as far,as building integration is concerned. It is argued that as 

PV module technologies and manufacturing processes improve, the contribution of BOS will 

proportionally became more significant. The first objective of the study is to quantify the materials and 

energy flow related to BOS during the installation of PV systems. The second objective is the 

quantitative evaluation of the benefits of building-integrated PV systems over their entire life-cycle and 

the identification of best solutions to maxim& their energy efficiency and CO2 mitigation potential. The 

results of a simplified Life-Cycle Analysis (LCA) are reported. Firstly, a number of existing 

applications have been studied. Secondly, a parametric analysis of possible improvements in the 

Balance-of-System (BOS) has been developed. Finally, the two steps have been combined with the 

analysis of both crystalline and amorphous silicon technologies. Results are reported in terms of several 

indicators: energy pay-back time, energy yield, and net CO2 balance. The indicators show that the 

integration of PV systems in buildings clearly increases the environmental benefits of present PV 

technology. 

1. INTRODUCTION 

The integration of PV systems in buildings shows several advantages with respect to conventional PV 

power plants in open fields. Major benefits are the occupation of ground and surfaces that are already 

used for other purposes, the saving of construction material needed for PV module supporting 



structures, the substitution of building envelope materials, and the possibility of recovering a significant 

fraction of the thermal energy dissipated by the PV panels. The objective of the present study is twofold: 

the first goal is to quantify the relevance of Balance-of-System (BOS) in terms of energy consumption 

and emissions during manufacturing and installation of PV systems. The second objective is to quantify 

the benefits of the integration of PV systems in buildings over their entire life-cycle, in terms of energy 

consumption and related emissions. 

2. METHODOLOGY: THE SIMPLIFIED LIFE CYCLE ANALYSIS 

Given the complexity of the systems studied and the wide range of materials involved in the analysis, a 

simplified LCA has been applied to PV systems. The results are reported in terms of energy 

consumption, energy pay-back time and CO2 emissions. Firstly, a number of existing applications have 

been studied namely the Serre power plant and several examples of integration in buildings. Secondly, a 

parametric analysis of possible improvements in the BOS has been developed and included in the model. 

Finally, the two steps of the analysis have been combined with the analysis of both present and future 

crystalline and silicon technologies. 

Some assumptions and simplifications have been adopted, with respect to several issues. 

With respect to the system boundaties: all PV systems considered in the analysis are connected to the 

electric grid; the combination of PV module manufacturing, materials for BOS and PV energy 

production (both electric and thermal) has been considered as the “system” to be analyzed; mining of 

raw materials, all transportation steps and recycling are not included in the analysis. 

With respect to the time framework: results are presented both for present (1997) PV crystalline and 

amorphous silicon technology and for future technologies. The optimizations considered here are 

certainly technically feasible and do not rely on any significant technological break-through. The actual . 

. 

time of adoption for large-scale production of future PV technologies will depend on the evolution of 

R&D programs, investments and PV market. 

With respect to data sources: in the case of PV, data on both manufacturing and energy production 

vary from place to place. Italian average data have been adopted for all the parameters that are site- 
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dependent, such as: average annual insolation (the adopted value is 1700 kWh/m’ on a 30’ tilted 

surface), energy consumption and CO2 emissions related to PV module manufacturing, efficiency and 

CO1 emissions of the electricity production mix. The latter figures have been calculated by adapting a 

specific so&are (TEMIS) to the Italian boundary conditions [ 11. All the above assumptions may be 

considered as reasonable estimates. 

As far as the production of BOS materials is concerned, energy consumption and CO2 emission values 

can vary extremely from Country to Country and even from a manufacturing plant to another. Several 

data-bases have been reviewed and best estimate average values have been used for calculations. 

3. ANALYSIS OF THE BALANCE OF SYSTEM (BOS) 

Types of Installations 

For the comparison of 

installations (array field 

PV systems two major categories are identified, namely “conventional” 

PV power plants), and PV systems in buildings. The latter can be further 

classified into sub-categories, corresponding to the part of the building on which the PV system is 

applied (terrace or flat rooftop, tilted roof, facade etc.). Furthermore, the classification depends on 

whether the PV system is mounted on existing structures (retro-fit systems) or designed together with a 

new building (integrated installations). Finally, integrated hybrid systems with heat recovery are 

considered. The different types of installations included in the analysis are synthesized in Tab. 1. 

Specific primary energy contents and emission factors of various materials used for calculations are 

shown in Tab. 2. Of course, large differences may occur depending on the type of material, the 

manufacturing process, and on the production site. For each single material, the table indicates average 

values taken and adapted from various sources. These values represent our best estimate and are 

representative for a mean European situation. 

Array field PV power plants. 

The 3.3 MW array field power plant of Serre, Italy, has been studied in detail [2,3]. Power plants in the 

open field require iarge quantities of reinforced concrete and steel needed for the structures necessary to 
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support PV modules. This leads to a relatively high primary energy content of the BOS (slightly more 

than 1800 MJ,i,/m2). As shown in the next paragraphs, this value is much higher than the corresponding 

figure for the majority of PV systems in buildings. It should also be observed that, in the case of Serve, 

data on BOS energy consumption are a rather conservative estimate as the plant represents the real 

state-of-the art of such type of systems’. 

For the above mentioned reasons, the BOS primary energy content of future array field power plants is 

not expected to decrease significantly, at least in a near future. 

Existing installations PV in buildings : learning by doing. 

Several existing installations have been analyzed recently [2, 4, 51. These include the retrofit system at 

the German School of Rome, Italy, (20 kW, - both flat and tilted roof), the retrofit facade in a building 

property of ENEL in Rome (I,3 kW,), the retrofit PV cladding facade at the University of Northurnbria, 

United Kingdom, and several installations in Switzerland. PV tiles produced by the German company 

BMC have been studied as well [2]. 

Most of these systems have been pilot projects and/or first installation examples in each country. As a 

consequence, the use of materials has not always been optimized. This is clearly the case of the PV 

cladding facade at the University of Northumbria, for which a large use of very energy-intensive 

primary aluminum has caused a BOS primary energy requirement almost as high as for the PV power 

plant of Serre (see Fig. 1). Although to a less extent, primary aluminum is also responsible for the 

relatively high BOS energy content of integrated tilted roofs in Switzerland [4]. The flat roof at the 

German School in Rome shows a high primary energy content (around 1300 MJ/m2) as well, because of 

an excessive use of steel for the supporting structures. The PV tile shows a relatively high energy 

content, attributable to the large quantity of clay needed (almost 1,7 m2 per m2 of PV modules). In 

contmst, most of the other systems in buildings have a significantly lower total primary energy content 

of around 600 MJdm2. Fig. 1 summarizes the primary energy content of the ‘BOS of present PV 

systems. 

iA a matter of fact, the BOS material requirements of this plant are much lower than those of similar European 
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Future installations : possible optimizations: 

In the future, PV installations in buildings will likely be designed taking into account the full life-cycle 

of materials. This is necessary for an energy-conscious, energy efficient and environmentally sound 

design of the systems. Two approaches can be followed, namely: to minimize absolute quantities of 

materials and to use a large fraction of recycled, secondary materials. Fig. 2 shows the possible primary 

energy content of future optimized PV systems. The scenario depicted is characterized by the following 

assumptions: i) future installations will contain 80% of secondary aluminum. This strongly decreases 

energy consumption for most PV systems in buildings; ii) light concrete supporting structures will likely 

be used for PV systems on flat roofs, both for economic reasons and for the simplicity of installation 

and maintenance; iii) an advanced type of clay will be used for PV tiles, which allows energy 

consumption to be reduced by about 30% [6]. 

If all the above mentioned factors are taken into account, the comparison between the BOS -energy 

content of PV plants and PV systems in buildings becomes radically favorable to the latter, as clearly 

illustrated in Fig. 2. 

4. CRYSTALLINE AND AMORPHOUS SILICON MODULE MANUFACTURING 

Crystalline silicon 

Very recently, a critical review of a number of studies on energy requirement of PV modules or systems 

has been performed [7]. The study points out that the published estimates for the energy requirement of 

presentday crystalline silicon vary considerably : between: 4200 - 11600 MJ/m’ for multi-crystalline 

silicon (mc-Si); and between 6000 - 13900 MJ/m2 for single-crystalline silicon (sc-Si). Partly, these 

differences can be explained by different assumptions for process parameters like wafer thickness and 

wafering losses. However, the most important source of differences is the energy requirement estimation 

for the silicon feedstock used to produce PV wafers. Currently the majority of PV cells are made from 

off-spec sihon that is rejected by the microelectronics industry. As a matter of fact, the major source 

installations, e.g. Phalk 500 in Switzerland [3]. For this reason, the figures for Serre have been used also for the future 
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of uncertainty is the preparation of silicon feedstock from electronic industry scraps, involving two 

crystallization steps. The present manufacturing energy requirement very strongly depends on i) 

allocation criteria for the primary crystallization step ; ii) the silicon content of the cell ; iii) the specific 

energy consumption rates for silicon purification. 

This situation is depicted in Fig. 3, which shows the primary energy requirement for present PV systems 

for three technology cases (m&i ‘high”, mc-Si “low” and amorphous silicon (a-Si) and three main 

applications (array field power plant, roofs and facades). 

Jn the future the introduction of solar-grade silicon preparation processes might significantly reduce 

energy requirements down to 2600 MJ/m2 and make the discussion about one or two crystallization 

steps obsolete [7]. The significantly lower expected energy consumption values will mainly be caused 

by three factors, namely: i) a much higher silicon mass efficiency (that is a much better use of silicon 

feedstock input per kWp output, ii) internal recycling and iii) less specific energy consuming processes 

(i.e. faster Czochralsky and/or directional solidification processes). 

Amorphous silicon 

The differences in published estimates for the manufacturing of amorphous silicon modules (710 - 1980 

MJ/m2) can be explained by the choice of substrate and/or encapsulation materials, and by whether the 

overhead auxiliary energy use and energy consumption for equipment manufacturing are taken into 

account or not. The cell material itself accounts for only a few percent of the total energy requirements. 

The best estimate for present primary energy requirement for amorphous silicon manufacturing is 

around 1200 MJ/m2 [7]. Assuming a 6% module stabilized efficiency, this corresponds to aspecific 

energy requirement of 20 MJ/W,, which is significantly lower than the one of present crystalline silicon 

modules (35-96 MJ/Wr for mc-Si). However, lower efficiencies and thus higher BOS requirements can 

caneel out this advantage, at present and in the future.. The potential for improvement is lower than for 

crystalline silicon modules (max. 30% energy requirement reduction) with current encapsulation 

ITUtelidS. 

Table 3 summan ‘zed the technological parameters used for the calculations. 

. 

iIlStdlati0IlS. 
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5. ENERGY PROFILES OF SILICON PV SYSTEMS 

Present (1997) situation 

Fig. 3 shows the primary energy requirements for present PV systems. As a consequence of the high 

energy requirement for crystalline silicon module manufacturing, the contribution of BOS is of minor 

importance, at least in the case mc-Si “high”. As a matter of fact, in this case the Energy Pay-Back 

Time (EPBT)2 slightly higher than eight years, even if the system is installed in a place with a relatively 

high sun radiation, such as Central Italq. Because of the large contribution of PV modules, the 

installation of PV systems in buildings reduces the EPBT only to a limited extent (max. 18% for roofs). 

Facades show even worse results because of the bad exposure to the sun at these latitudes. The most 

effective PV system seems to be the simple installation on flat roofs 121. 

However, in the case of mc-Si “low” and a-Si, the contribution of the BOS is proportionally higher. 

Therefore, the benefits of the integration in buildings are more significant. Even the contribution of the 

aluminium module frames will be not negligible. This will be even more true with future PV modules 

and is described in more detail in the next paragraph. 

Future prospects 

In future, the manufacturing of crystalline silicon cells will require significantly less energy. Whatever 

the specific technology (single- and/or multi-crystalline silicon derived from electronic industry, or 

solar-grade silicon), the production chain will be optimized for solar energy cell manufacturing. A 

smaller amount of silicon feedstock will be required to produce a cell. The cell and module efficiencies 

will also increase. Also the technology of amorphous silicon is expected to improve significantly. 

Table 3 summa&es the expected technological evolution of silicon modules [adapted from 2 and 71. 

’ The EPBT is the time needed for the PV system to supply the amount of energy consumed for its production. It is defmed 
as: EPBT &ems) = Consumed energy for system production / Annuol energy produced by the system 
30tha parameters used for calculations axe: i) PV plant electric BOS efficiency: 85%; ii) effkiency of Italian electricity 
production mix: 39.1%; grid distribution losses: 7%; iii) for integrated systems, the primary energy content of the building 
materials substituted by the PV components have been subtracted from the BOS primary energy content of Figg. 1 & 2. 



Fig. 4 shows the EPBT of future multi-crystalline silicon PV systems. Results are subdivided according 

to the various manufacturing steps of crystalline silicon PV systems, namely the preparation of high- 

purity silicon feedstock, the cutting of silicon ingots into wafers, the manufacturing of cells, the 

assembling of modules, and the BOS. Moreover, the contribution of process electricity and primary 

energy content of materials are distinguished. 

As a consequence of manufacturing and efficiency improvements, the expected EPBT of such 

“optimized” power plant is reduced by more than a factor three (from 8 down to 2,3 years) with respect 

to present power plants. 

Moreover, as already mentioned, the BOS plays a more important role in the total energy balance. This 

means that the integration in buildings gives proportionally more benefits than today. The EPBT of a 

fully integrated future mc-Si PV roof system is expected to be about 40% smaller than that of a future 

PV plant. 

Moreover, the EPBT is further strongly reduced if heat recovery is taken into account. In integrated 

systems, at least part of the heat dissipated by the PV panels can be recovered by means of an air 

channel between the back-plates of the modules and the roof (or facade) itself. This air flow has a 

double effect: first, it allows the warm air to be used in the building for air conditioning and/or pre- 

heating of water; second, it cools down the cells, thus increasing their efficiency. In this study an annual 

mean value of 2 km recovered heat per kWi produced by the PV system is assumed. The value was 

taken according to simple installations in Switzerland, which use only small air fans as auxiliary 

systems to provide air circulation [8]. In this case, the thermal energy recovery in tilted roof can reduce 

the EPBT by almost a factor 3 with respect to a PV power plant. As a matter of fact the expected EPBT 

of an integrated tilted roof with heat recovery is lower than 10 months4. It is also worth noticing that the 

PV facades become interesting when equipped with a heat recovery system (Fig. 4). However, given the 

difficulties to effectively recover and use the thermal energy throughout the whole year, these results 

have to he interpreted with care. 

. 

4 To c&date the corresponding primary enemy, the substituted heat has been supposed to be produced by methane boilers. 
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Finally, the negative BOS contribution for PV integrated facades and roofs should be remarked. This 

(theoretical) result reflects the possible use of PV modules to replace conventional building cladding 

materials. The result is particularly significant for the case of Alukobond panels’. The energy needed to 

manufacture a 1 mm thick aluminum foil is very high, larger than the BOS energy content of a PV 

facade-integrated systems. As a consequence, the BOS contribution is negative. The planning and 

design of a PV facade instead of an Alukobond facade can be therefore considered as a conceptual 

energy saving measure. Although purely theoretical, this result highlights the need for energy-conscious 

architects and engineers to be aware of the hidden energy contents of building materials. 

All these results are even more significant in the case of future amorphous silicon modules. As shown in 

Fig. 5, in this case the EPBT of PV roof systems is always lower than one year. With heat recovery it 

further drops down to less than six months. If the substitution of Alukobond panels occurs, the total 

(theoretical) EPBT is zero ! 

Figure 6 shows the net energy yield of future PV systems6. The expected energy yield value for 

crystalline silicon power plants is around 12-14 times. Amorphous silicon systems show a lower value 

because of lower efficiency and consequent higher BOS requirements. Retrofit PV roof systems increase 

the energy yield values up to 20 times. This value further increases in the case of fi~ll integration in 

buildings. In this case, the disadvantage of amorphous silicon is canceled by much lower BOS 

requirements due to the substitution of conventional building cladding materials. As a matter of fact, 

amorphous silicon systems show the highest energy yield values. In the case of heat recovery, they are 

expected to produce more than 50 times the amount of energy needed for their integration in buildings. 

These values indicate that future PV systems will definitively have a high net fossil energy substitution 

and CO2 mitigation potential. If compared with the energy yield of present crystalline silicon array field 

power plants (between 2,s and 3 times), they also show the impressive improvement potential of PV 

technologies and applications. 

5. ENVIRONMENTAL PROFILE OF FUTURE PV SYSTEMS 

‘An Alukobond panel is made by a sandwich of two thin aluminum foils (total thickness 1 to 3.5 mm) with a hard rubber 
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The CO2 mitigation potential constitutes an important political motivation for PV technology 

development. The mitigation potential can be shown with several indicators. Here, results are presented 

in terms of CO2 balance and CO2 specific emissions. Fig. 7 shows the CO2 balance of lm2 of multi- 

crystalline and amorphous silicon systems during their lifetimes. The indirect air emissions caused 

during manufacturing and installation of modules have been calculated according to the Italian 

electricity production mix (0,531 kg CO2 / km,). The avoided emissions have been calculated 

considering the Italian distribution mix (0,567 kg CO1 / kWI ) [l]‘. A specific emission factor of 

0,198 kg CO2 / kW& has been taken into account for thermal energy production (natural gas boilers). 

As expected, and in contrast with the present situation, the balance is radically positive, that is the 

avoided CO2 emissions are much higher than the emission caused during the manufacturing phase. 

Amorphous silicon systems cause very low emissions during manufacturing. However, due to lower 

efficiencies, and, most important, to much shorter life-times, they avoid much less emissions than multi- 

crystalline silicon systems during their life-cycle (recycling is not taken into account here). As a’matter 

of i&t, mc-Si systems are expected to save a net amount of more than 3000 kg CO2 /m2, while a-Si 

show a value of around 1000 kg CO2 /m2. 

The figure further shows the importance of the recovery of heat recovery. A future hybrid PVm mc-Si 

integrated PV roof system is expected to avoid more than 5000 kg CO2 /m2. It is interesting to notice 

that despite worse insolation conditions, facades with heat recovery show a very interesting CO2 

mitigation potential. However, it is worth recalling that results concerning hybrid systems should be 

interpreted with some care, since they still require more detailed investigations and further tests. More 

detailed LCAs of hybrid systems are needed in the future, in order to take into account the downstream 

use of the recovered heat. 

In any case, the figure demonstrates that future PV systems will have significant environmental 

performances. 

layer in between. These panels are often used in modem o!Iice buildings 
’ Energy yield = gross energy produced during Ii/time of PV vstem /energy consumed during production of PVwstem 
’ PV systems in buildings substitute low-voltage electricity and have no distribution losses, therefore their em+-omnen~ 
benefits are higher. 
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The significant improvement achievable by PV systems can also be expressed in terms of specific 

emissions during lifetime. Today, a single-crystalline silicon PV power plant has a specific emission 

value of around 0,2 kg CO2 / km,. This is mainly caused by indirect emissions deriving from high 

electricity consumption during the manufacturing of modules. In future, this value is expected to drop as 

low as 0,06 kg CO2 /km, for PV power plants and 0,04 kg CO1 /kWl~ for integrated PV roofs [3]. 

6. CONCLUSIONS 

The results of a detailed analysis of the primary energy content of the BOS of several ‘PV systems is 

reported. With few exceptions, the BOS energy content of most PV systems in buildings is around three 

times lower than that of a PV power plant. In future, this energy content will be further reduced by 

minimizing absolute quantities of materials and using large fractions of recycled materials. 

Today, the BOS relevance in the total energy balance of PV systems is limited, because of the very high 
/ 

energy content of crystalline silicon cells. However, this energy content will be drastically reduced in the 

future. As a consequence, the BOS will increasingly become the crucial factor determining the total 

energy and environmental profile of PV systems. This holds even more strongly for amorphous silicon 

modules. Thin film modules have lower energy requirement per mz module area, but on a system level 

this is o&et by their lower efficiency, leading to higher BOS energy requirements and lower energy 

production. As a matter of fact, the analysis shows that in the future the integration in buildings will 

give proportionally much larger benefits than today. 

The study argues that the integration of PV systems in buildings presents favorable effects when 

compared to conventional PV power plants, both in terms of energy production and CO2 avoided 

emissions. These benefits increase significantly if the installation allows the recovery of part of the heat 

dissipated by PV panels. 

For example, EPBT values are expected to drop from the 8 years of present crystalline silicon power 

plants down to I,4 years and 0,8 years for mc-Si and aSi PV roof systems respectively. The EPBT are 

further halved in integrated systems if heat recovery is allowed. Similarly, CO1 specific emissions are 
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expected to drop from present 0,2 kg CO2 1 km, of array field power plants down to 0,04 kg CO2 

/kw, for integrated PV roofs. 

These values definitively indicate that Mure building-integra&d PV systems will have a high net fossil 

energy substitution and CO2 mitigation potential. In order this potential to be fully exploited however, it 

will be necessary to focus the attention not only on module technology improvements but also on the 

right choice and optimization of BOS. This implies that at the very early design stage, both engineers 

and architects have to carefully consider the most appropriate choice of materials for PV building 

installations. 
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PV pl4nt Conventional PV pIa11 in OutdoaJ ticI&, this installation requires a careful prepaation of lend, and special structures to 

support the PV panels. Exposure of panels to the solar radiation is optimized by means of fixed south-oriented structures or 

tracking sy&ans. An clcclric eBiciency of 85% has been a~umcd for thcsc systems. 

at roof In this type of installation, PV modules arc fixed on the flat surface of the roo!Iop by mans of suitable light stnrctures. 

Eqmeurc is c+nized (fixed panels, southaiented). 

Tilted roof 

(=tnW 

PV modula are directly applied on the existing SW&X ofthe roof. The sun exposure cannot be always optimal, sina it is a 

“retr+ffi” operation. Electric system losses an be higher. Mean losses of lO%with respect to the optimal referena use 

(PV plant or flat roof) have been therefore considered. 

Tilted roof 

We@e4 

The PV system and the building are designed together. The possibility of planning a better exposure of the panels and of 

using cell cooling systems lud5 to slightly lower losses (5%) with respect to the ref&ence aseE. PV panels substitute parts 

of the roof &om the bcginning of the project. Thus there is an additional energy saving due to the umstruction matcriab 

which arc not used in the roof part covered by the PV panels. 

Facade PV modules are used as claddiig materials for covering an existing facade. A loss of 38% compared IO the optimal cast is 

leti) 
caused by the reduced incident radiation on a v&iul surface at the latitude of Central Italy. 

FU8de PV system and the building are planned and desiped togcther. Losses are 2% lower than the r&o-fit facade As us114 

:integntcd) 
there is also an energy saving due to the cubstiMion of the conventional wnstruction materials with PV modules. 

PV claddii PV modules limction as f& cladding. However, they arc tilted with rcspcct to the facade, thus forming a “PV sawtooth 

:=t=W 
curtain wall”. Losses are the s8me as for retrc-iit tilted roofs. 

Qstans with heat BOS dfciency is the same as for integnted systems. Additionally, P mean heat recovery of 2 kwhh per kWhd produced is 

-veQ, takenintoaaanm~ 

Tab. I - Class.$cation of direrent PV installation ypes - SOIKCX. : [2] 

%ilium cells efficiency demeases when temperature increases. 
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70.00 4.72 43.45 3.09 

d= 14.40 0.12 1.10 0.77 

PVC 66.80 4.26 39.22 4.20 

clay 10.70 0.05 0.46 0.66 

Tab. 2 - Primary energy content and CO, specijic emissions o/BOS materials. 

Average values adapted from [9, 10, 11, 12, 13, 14, 151 

‘A mean efficiency of39,1% of the Italian electxicity production mix has been considered to convert electricity into primary 
energy consumption. 
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Sllicon PV tcchnologics 

multkly8tBlune 

Tab. 3 - Technological parameters ofpresent andfuture silicon PV modules 

adapted from [2 and 71 
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3.3 Christi Herig 
The Million Roof Initiative: Current Status 
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Development Preference for Replacing 
Foreign Oil 
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Partnership Development 

Sample Planning and Policy Analysis 

Scenario for 20 Cities 

Low Interest Financing 

Rebates Used to Bridge the Gap 
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: “, Solar Buildings 
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The numbers speak for themselves: from 2000 solar-equipped 
buildings in 1997 to over one million in 2010. 
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The average photovoltaic system size will double by the year 2006 and quadruple by 2010. 
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Annual Capacity (MW) 

Each additional solar megawatt enriches our nation’s domestic economy. 

Christy Herig, NREL 
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By establishing local suppliers and service companies, the initiative 
will keep community resources invested\locally rather than having 

to export dollars to import fuel or electricity. 
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Installed Cost ($W) 
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It’s certain that as volume goes up, the cost of solar systems will decline 
dramatically. Actual prices in the marketplace may vary from these 

benchmark goals due to numerous market factors. The installed cost of 
$3.00 per watt is a key threshold for broader commercial use of photovoltaics. 

Christy Herig, NREL 
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Energy Cost ($lkWh) 
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The per-kilowatt cost of solar energy is projected to decline by nearly 300% 
over the 13,year span of the Initiative. The optimistic benchmark goals 

shown here do not reflect the many variables that affect true energy costs. 

Christy Herig, NREL 



,iTotal Annual CO2 Savings 
(Thousands of Tons) 
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By 2010, emissions of carbon dioxide, the most “prolific” Greenhouse gas, will 

be reduced by an amount equal to what is now produced by 850,000 automobiles. 
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For every $100 million invested in the Initiative, 3,850 direct and indirect jobs 
will be created, resulting in more than 70,000 new high-tech jobs by 2010. 
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aflnership Commitments 
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10 Point Action Plan 

1 8 

2. 

3 m 

4. 
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Establish 25 major partnerships to install 
solar energy systems by Sept. 30,1999 

Improve access to financing for solar 
energy systems 

Build a network of state renewable energy 
funds 

Establish Million Solar Roofs tax credit 

Obtain commitments from other federal 
agencies \ 



10 Point Action Plan 
. . ..: 

6. Support adoption of the administration’s 
utility restructuring- plan 

7. Establish uniform interconnection standards 
for photovoltaics and promote net metering 

8. Support major partnerships through the DOE 
Regional Support Offices and training and 
technical assistance 

9. Support research, development, and 
demonstration 
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Department of Energy 
Washington, DC 20585 

Million Solar Roofs Initiative 

Top Ten Questions 

1. What is the Million Solar Roofs Initiative? 

Million Solar Roofs is an initiative to install splar energy systems on one million U.S. buildings by 
2010. It was announced by President Clinton on June 26, 1997 in his speech before the United 
Nations Session on Environment and Development. This effort includes two types of solar 
technology - photovoltaics that produce electricity from sunlight and solar thermal panels,that 
produce heat for domestic hot water, for space heating or for heating swimming pools 

The U.S. Department of Energy &ll work with partners in the buikhng industry, other federal 
agencies, local and state governments, utilities, the solar energy industry, Gnancial institutions and 
non-governmental organizations to remove market barriers to solar energy use and develop and 
strengthen local demand for solar energy products and applications. The Million Solar Roofi 
Initiative will bring together the resources of the Federal gov ernment with key national businesses 
and organizations and focus them on building a strong market for solar energy applications on 
buildings. 

The three principal goals of the Initiative are: 
l Reduce greenhouse gas and other emissions using clean energy from the SUIL III 20 10, 

with one miIlion solar energy roofs in place, the Initiative would reduce carbon emissions 
in an amount equivalent to the annual emissions fIom 850,000 cars. 

l Create high-tech jobs in the solar energy industry. By 2010, approximately 70,000 new 

jobs could be created as a result of the increased demand for photovoltaic, solar water 
heating and related solar energy systems. 

l Keep the US, solar energy industry competitive By increasing the domestic market for 
solar energy, increasing domestic ,production and reducing the unit cost for solar energy 
systems, the Initiative will enable U.S. companies to retain their competitive edge in the 
worldwide market. By 2005, the photovoltaic market alone is expected to exceed % 1.5 
billion worldwide. 



2. Why are we undertaking this Initiative and at this time? 

Greenhouse gas emissions are caused mostly by the inefficient burning of fossil fuels. By 
increasing the efficiency of how we use fossil fiels, reducing our use of these fuels and 
switching to alternative, non-polluting fuels, we can sign&antly reduce the amount of 
greenhouse gases we put into the atmosphere and reduce the threat of global climate change. 
One of the most promising non-fossil sources is solar energy. As President Bill Clinton said 
in a June, 1997 speech to the United Nations, “Capturing the sun’s warmth can help turn 
down the Earth’s temperature.” 

Photovoltaics were invented approximateiy 40 years ago at AT&T’s Bell Laboratories and 
later developed as a means to power satellites and space vehicles. As the U.S. investment in 
the technology improved their performance and reduced their costs, other countries saw their 
potential and started their own development efforts. In the past two decades, research and 
devekqxnent have improved the efficiency and rehabii of photovoltaics reduced the costs 
of photovoltaic electricity by a factor of 5. 

The Million Solar Roofs Initiative wih help increase the market for solar energy and 
encourage increased development and production of solar energy systems. At the same time, 
the Initiative will give consumers an affordable, clean-energy option, create new U.S. high 
technology jobs and play an important role in reducing greenhouse gasemissions. 

3. What are the qualifications for a building to be a part of this Initiative? 

To be included in the Million Solar Roofs Initiative, a building’s solar energy system must 
comply with all relevant parts of the National Electrical Code (NBC), Underwriters 
Laboratories (UL) standards and the Solar Rating and Certification Corporation (SRCC) 
standards, be located on or immediately adjacent to the building and meet the following 
minimum standards: 

Photovoltaic Systems: 
. Residential systems must be a minimum of 0.5 kW 
. Commercial systems must be a minimum of 2.0 kW 

Solar Thermal Water Heating Systems: 
. Residential domestic must he a minimum of 1 .O kW equivalent or 20 

square feet of collectors 
. Residential swimmiqpoolheatingmustbeaminimumof1OOsquare 

feet of collectors 
. Commemialdomesticmustheaminimum of2.0 kW or 40 square ftet 

of collectors 
. Commercial swimmiqpoolheatingmustbeaminimum of 400 square 

feet of collectors 
Solar Thermal Space Heating Systems: 

. Collector must he a minimum of 100 square feet or 4.0 kW 



4. Who is a Million Solar Roofs Partner? 

The Million Solar Roofs Initiative will encourage participation of all interested individuals, 
businesses, industries, governments, federal agencies, utilities and non-governmental 
organizations. The Initiative will attract partners building by building, community by 
community, state by state and business by business. It will work ‘top-down” and “‘bottom-up” 
through three types ofpartnerships: 

Individual Partnerships: Anyperson or organization who installs the minimum size 
solar electric or solar thermal cneqy system on a residential, commercial, institutional 
or government build& will be able to register with the Million Solar Roof% Registry. 
There is no requiremead fbr participation in any other activities for these parties to be 
a partner in the Initiative. 

State and Community Partnerskips: Million Solar Roofk State and Community 
PaltneIshipskngtogetherbusineqgovermnent and community organizations at the 
regional level with a commitment to install solar energy systems. Examples of State 
and Community Partners include: 
l Builders 
l Energy Service Providers 
l Utilities 
l Non-Govemmental Organizations 
l Environmental Groups 
l Local Governments 
. State Governments 
. Federal Government Agencies 

National Partnerships: At the national level, partners will make a commitment to 
install a significant number of solar energy systems and provide national support for 
the Initiative. Examples of potential National Partners include: 
l Any Entity that commits to ktalliq over 5,000 solar roof% by 2010 
l Solar Energy Equipment Manufacturers and Distributors 
l National Utility Companies and Energy Service Providers 
. National Financial Institutions 
. National Governmmt Assodiom such as the National Association of Counties, 

the National League of Cities, the National Association of State Energy 
Officials, the U.S. Conference of Mayors and the International City/County 
Management Association 

l National Business Associations such as @e Solar Energy Industries Association 
and Utility Photovoltaic Group 

l National Environmental organizations 



5. What activities will partnerships undertake? 

Examples of activities that Million Solar Roofi partners may undertake include: 
. Developing a plan for solar energy installations under the Million Solar Roofi 

Initiative. 
. Committing to a specific number of solar energy systems to be installed on buildings 

in the period between 1998 and 20 10. 
. Committing government efforts to overcome barriers to solar energy and energy 

efficiency applications in buildings. 
. Identifying G&ncia.l incentives for solar energy installations. 
. Establishing net metering for photovoltaics. 
. Developing and/or modifying codes and standards that affect solar energy 

installations. 
. Implementing training programs fbr building officials, the constructioh industry, solar 

energy installers and utility personneL 
. Providing outreach support for’solar energy and energy efficiency. 

. . Taking part in national information sharing, peer-to-peer exchanges and cooperative 
research and trainjq efforts. 

. Correcting the Million Solar ioo& Initiative with other SuStainable community 
..i.nitiatiVes. 

6. What assistance is available? 

The Million Solar Roofi Initiative, coordinated by the U.S. Department of Energy and 
supported by its partners, provide the following: 
. Assistance in accessing low-cost loans, buy-down grants and other financial 

assistance. 
. Training and information about the experience. implementing ,the Initiative in 

communities around the United States. 
. Recognition and support on a national, regional and local basis. 
. Marketing and technical assistance &om DOE’s Regional Support Offices and the 

program staffs of DOE’s Offices of Utility Technologies and Building Technology, 
State and Community F?&rams and the DOE Federal Energy Management Program. 

. Technical assistance and training support tirn DOE’s national laboratories. 

. age with and access to customers and solar CII~QY businesses, associations and 
r&ted industries that can provide assistance to local teams and others interested in 

solar energy applications. 
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7. What is the Federal commitment with its own buildings? 

The federal sector rqxesents approximately l/2% of the U.S. building inventory with its 
500,0OO buildings. These ha&miIlion buWings require the Federal government to spend over 
$3 billion each year for heating, cooling, lighting and powering the operations. During the 



past twenty years, actions have been taken to reduce that energy bill through energy efficiency 
investments and the application of renewable, including solar, energy systems on new and 
existing federal ‘buildings. 

President Clinton has committed the Federal government to install solar electric and solar 
thermal energy systems on 20,000 federal buildings by 2010. The U.S. Department of 
Energy’s Federal Energy Management Program will assist Federal agencies to meet that 
commitment. 

The Federal Energy Management Program recently established umbrella contracts with 
energy service companies to purchase energy efficiency services for Federal buildings. These 
“Super Energy Savings Performance Contracts” enable all Federal agencies to improve the 
efhciency of their buildings through cost effective partnerships with the private sector. The 
next round ofprocurem ents will put in place almost $200 million in contracts which will use 
private financing to install solar energy systems at Federal ikilities and enable Federal 
agencies to support the Million Solar Roofi Initiative. In addition, the General Services 
Admit&ration has developed and implemented streamlined procurement procedures for 
Federal agencies to obtain solar energy systems. The Department of Defensehas already 
installed many solar energy systems on its buildings including, for example, solar hot water 
systems on Navy housing and a solar space heating system on an Atmy aviation maintenance 
63cility. 

8. What are Photovoltaics? 

Photovoltaic devices, or solar cells, convert sunlight directly to electricity. It is an attractive 
alternative to conventional sources’ of electricity for many reasons: it is silen& non-polluting, 
and renewable; it requires no special train& to operate; it is modular and versatile;’ it is 
extremely reliable and vktually maintenance f?ee (with no moving parts); and, it can be 
installed almost anywhere. The customer pays only for the system; the fuel is fke. 

Photovoltaic cells are made of a semiconductor material, usually silicon, and produce an 
electric current in the presence of light. Individual cells are combined to create modules that 
produce a specifk amount of peak power. The modules, in turn, can be combined to create 
arrays that produce larger amounts of power. These arrays can be sized to meet the power 
rfqrirements of the particular application 

9. What is Solar Thermal heating? 

’ Solar energy can be used to heat both water and air. Solar water heaters use the sun to heat 
either water or a heat-transfer fluid., such as an antifreeze mixture, in collectors usually 
mounted on the roof The hot water, produced directly in the collector or via heat from the 
transfer fluid, is then stored in standard insulated water tank. Some systems use an electric 



pump to circulate the fluid through the collectors. These environmentally tiendly systems 
are increasingly cost competitive for providing domestic hot water and for swimming pool 
heating. 

Solar space heating offsets building heating loads by either heating recirculated building air 
or preheating outside or ventilation air. For heating recirculated air, solar energy panels are 
normally required to receive direct sunlight and provide air temperatures higher than the 
interior temperature to be effective. The transpired collector, which uses a dark collection 
surface with perforated metal plates to heat the air just behind the plate stice, is very 
effective in preheating outside or ventilation air. One additional benefit of the transpired 
collector is that it can also serve as a component of the buikiing shell. 

10. How much will solar energy systems cost? 

A residential solar hot water system may cost anywhere from $1,800 to $3,500 and compete 
&ztively with water heated by ele&city that costs 8 cents per kWh or more. Solar thermal 
space heating is very effective in most areas of the country. For example, the cost of a 100 
square foot transpired collector inst+ation can range from $1,000~ for retrofits on existing 
buildings and $500 -$700 fbr new systems, but can produce energy savings to of&t the entire 
cost of the system in five years or less. 

Photovoltaic costs are more complicated because system size, features and net cost to the 
users depend on the f&ncing terms and interest rates, available incentives and access to low 
cost hardware and installation through bulk purchasing programs. For example, residential 
photovoltaic systems recently installed in Sacramento, California cost just under $7,000 per 
kilowatt, and provide energy at approximately 24 cents per kilowatt-hour. 

Solar technologies are cost-effective in many niche applications today, for example, the use 
of photovoltaics at remote installations not on the power grid. A solar. energy system’s cost 
canalsobereducedbyFederalandStatetax incentives and other Gnancial support. Additional 
cost reductions are posstble through the use of state-implemented net metering options. 
F&ncing assistance can, in many cases, reduce the cost of solar energy systems to the point 
whqe monthly payments for the system are less than the monthly energy bill savings. 

For More Information: 
By Phone: 
Efficiency and Renewable Energy Clearinghouse (EREC) 
l-800-DOE-EREC (363-3732) 
On the Internet: 
Million Solar Roof% Website 
www iUillionSolarRoofs.oorg 

Solar Energy Industries Association 
www.seia. org 


