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ABSTRACT 

This paper identifies existing recycling programs for consumer products 
with similar composition to photovoltaic (PV) modules, including cathode-ray 
tubes, electronic circuit boards, batteries, and automobile windshield glass. 
Discussed are incentives, the selection of technologies, and strategies used to 
recycle these products. Since the technologies for recycling these products 
exist, developing a process, or series of processes, for PV modules should 
primarily be a matter of custornization. Developing a n  entire recycling program 
that is economically feasible will provide a greater challenge. Achieving this will 
require careful analysis of incentives, u se  of various combinations of strategies, 
and inclusion of multiple industries for additional technical processes. This can 
contribute to the success of a program by dividing the costs and ensuring that 
secondary products and materials enter into a diverse amount of markets. 
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1. INTRODUCTION 

To assist in the development of recycling options for photovoltaic (PV) 
modules, this paper identifies existing recycling programs for consumer products 
with similar composition, including cathode-ray tubes, electronic circuit boards, 
batteries, and automobile windshield glass. The reports focuses on the driving 
forces that generate successful recycling projects. They include the 
identification and use  of incentives, and the selection of technologies and 
strategies. Sections describing recycling incentives and strategies precede a 
brief discussion of the existing technologies used to recycle the identified 
products. Finally, a discussion relating these principles to PV modules is 
included to assist in the development of an effective recycling program. 

2. RECYCLING INCENTIVES 

The primary incentive to recycle any material is to reduce a waste stream, 
thereby, decreasing any adverse environmental and public health effects that 
may result from a products disposal. This usually entails a costly, market driven 
venture, relying on economic incentives to generate a successful recycling 
program. These incentives include: I )  Reduction of disposal costs, especially 
for hazardous waste as defined by the Resource Conservation and Recovery Act 
(RCRA); 2) reclamation of valuable materials; and, 3) reuse of process materials 
(e.g., glass, plastics, solvents, etc.). Products that contain a combination of 
materials (i.e., the identified products) may require the use  of multiple incentives. 
Recognizing and exploiting more than one incentive may generate additional 
income needed to pay for a complex recycling program. 
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2.1 Reduction of RCRA Hazardous Waste 
RCRA is a Federal statute designed to provide "cradle-to-grave" control 

of hazardous wastes. The regulation imposes management requirements on 
generators, transporters and owners, and operators of treatment, storage and 
disposal facilities for hazardous wastes. The policy goals and objectives of 
RCRA are to reduce or eliminate, as expeditiously as possible, the generation of 
hazardous wastes. Also, all generated waste must be handled in a manner that 
will minimize the present and future threats to human health and the 
environment. Waste that is classified hazardous under RCRA must be disposed 
of in a RCRA controlled landfill. The current cost for such disposal is in the 
range of $100 to $400 per 55 gallon drum. This cost will increase with time. 
Consequently, reduction of this waste stream would result in substantial savings 
of disposal costs (Moskowitz and Zwiebel, 1992). 

2.2 Reclamation of Valuable Materials 

Many consumer products are composed of materials that, when removed, 
have a substantial market value. A recycling program that involves the 
separation and disassembly of a waste material may result in the production of 
one or more salable products. For example, a company that recycles 
automobile windshield glass will obtain glass cullet that can be sold for a variety 
of secondary uses (Section 3.4). Efforts are also underway to develop markets 
for the plastic laminate that is extracted from discarded windshields. This would 
create a second marketable product from a single waste. The example of 
electronic circuit boards demonstrates how two companies can be used to obtain 
multiple products from a waste (Section 3.2). One company collects, grinds and 
incinerates the spent boards which produce an ash that contains valuable 
metals. This product is sold to a second company that removes the metals from 
the ash, which creates a second recovered product. These processes are 
examples of an open-loop system which is illustrated in Figure 1 (Vigon et. al., 
1993). 
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Figure 1 Open-Loop Recycling 

2.3 Reuse of Process Material 

This incentive is used to implement a recycling program that replaces 
virgin material with recycled manufacturing waste. A successful program will 
reduce disposal and operating costs in an amount greater than any additional 
expenses incurred from the recycling process. These will include, but a r e  not 
limited to, additional labor, equipment and maintenance costs. Material reuse 
differs from reclamation in that there is no additional income resulting from the 
sale of a recovered material. These processes use  a closed-loop system which 
is illustrated in Figure 2. 

I W r n  
cnd uu 

I 

I 

I RcE2s 
T I 

1 

Figure 2 Closed-Loop Recycling 
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3. RECYCLING STRATEGIES 

Recycling strategies can be divided into two broad categories; centralized 
and decentralized. Centralized programs involve the transportation of waste 
from manufacturing and consumer locations to large facilities engaged in the 
collection and recycling of wastes. A decentralized program recycles waste at 
the primary product's production facility. 

3.1 Centralized Strategies 
A centralized strategy consists one or more specialized facilities involved 

in recycling a specific product. These facilities are responsible for accepting, 
storing, and recycling the discarded materials. A facility obtains its waste 
material by collection, purchase, and accepting it as a donation or with a tipping 
fee. Thus, a centralized recycling facility must be able to accommodate and 
handle large quantities of waste material and'comply with all applicable federal, 
state, and local regulations. This may include the storage of any hazardous 
material, and obtaining the appropriate Treatment Storage and Disposal Facility 
Permit pursuant to RCRA, 40 CFR 260-271. 

These facilities may also contribute to the recycling process of a material. 
Products, similar to the ones discussed in Section 4, contain more than one 
recyclable material, from which revenue may be obtaine'd. By initiating primary 
recycling operations (e.g., sorting, separation, etc.) a centralized facility will 
create a potentially salable product, prevent excessive stockpiling of materials, 
and may enable a second centralized facility to recycle a different part of the 
same waste. For example, if one centralized facility creates a secondary 
product (e.g., ash that contains metal) they may sell the ash to a second 
centralized facility. This second facility may then extract the metal from the ash 
without the financial burden of material sorting, separation and incineration. 
Viewing an individual centralized facility as part of a larger recycling process 
may introduce new markets into the recycling process, increase the  amount of 
salable products resulting form the process and reduce the financial burden of 
each player within the process, thereby reducing the waste stream of the parent 
product. 
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3.2 Decentralized Strategy 

Decentralized recycling is usually practiced by manufacturers forced to 
accept returned items or by those who want to reuse secondary material in their 
production process. A successful program will reduce a waste stream, the use 
of virgin materials, and disposal costs. This is not always easily achieved since 
the cost of using a secondary material is not always lower than using virgin 
material and manufacturers are usually responsible for all the recycling costs, 
especially within a closed-loop system (Vigon et. al.). Thus, this strategy is 
usually employed by manufactures of products that contain hazardous materials 
(i.e., material with high disposal costs) and where there are no available 
centralized facilities. This strategy also requires manufacturers to accept, 
handle, and store potentially large quantities of returned waste materials, which 
could alter the operations of the facility. Stockpiling returned waste, especially 
those that contain hazardous material, may cause a facility to enter into a 
regulatory quagmire. Consequently, this strategy is most effective when the 
returned waste materials are promptly put back into the manufacturing process 
or recycled into a secondary product. 

In an open-loop system, decentralized facilities sell material to another 
manufacturer or to a centralized recycling facility. The returned waste material 
usually becomes marketable after some initial sorting and separation. This is 
illustrated by the recycling of cathode-ray tubes (Section 4.1), where the initial 
separation is done by the manufacturer, thus making it financially feasible for 
lead smelters to reclaim lead from a homogenous stream of glass panels. 
Finding a market for the reclaimed material is an effective way to reduce total 
costs, remove stockpiled .material from a site, and possibly facilitate further 
recycling of the material by eliminating basic, initial costs, (e.g., separation, 
sorting, collection, etc.). 

4. MODEL TECHNOLOGIES 

This section describes the technologies presently employed for the 
recycling of cathode-ray tubes, electronic circuit boards, batteries, and 
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automobile windshield glass. Currently each activity is done on a small scale by 
private concerns; much of the technical data concerning these processes a re  
proprietary. 

4.1 Cathode-Ray Tubes 

The cathode-ray tube (CRT) is composed of a glass funnel, a n  electron 
gun, and a glass screen (see Figure 3). The electron gun is a single unit that 
can be easily removed, separated, discarded or reused. The glass funnel is 
composed of high quality, clear glass that when separated, can be recycled 
using a conventional processing technology (i.e., ground to a cullet and mixed 

\ Funnel 
High auatily 
Clear Glass 

Screen 
Glass wilh 
Embedded Metals 

Figure 3 Cathode-Ray Tube 

with virgin material in the manufacturing 
of new glass products). The  glass 
screen, however, is coated with a 
luminescent material and with lead. 
The luminescent size varies from 1-1 00 
pm depending on the size and intended 
use of the tube. Monochrome CRTs 
generally use a single layer of 
homogenous luminescent material. 

Color CRTs typically use a composite screen made up of several red, green and 
blue luminous materials. The lead is used to reduce radiation emissions from 
the tube. It is also the material on the panel that offers the incentives (Le,, 
reduction of waste and reclamation of valuable materials) and technological 
challenges for a recycling program (Crutch, personal communication). 

The metals contained in the CRTs cause discarded units to be classified 
as a hazardous waste. Therefore, the primary incentive to recycle CRTs is to 
reduce the quantity of hazardous waste generated. To date this is done in 
decentralized systems by only a handful of manufactures in the U.S.; mostly 
large video display terminal producers (e.g., Phillips Display Components, 
General Electric, etc.). Secondary benefits include reclamation of glass and 
lead. The lead recovery is a secondary process usually performed by 
independent smelters. 

The first step of the recycling process involves the separation of the plain 
glass funnel from the metal coated, lead embedded glass screen. The funnel 
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and screen are glass components fused along a lead frit line. Since funnel and 
screen are composed of two different types of glass, they must b e  separated 
before recycling. The high quality funnel glass can be sold as cullet to 
conventional glass recyclers, and the leaded glass is sold to a smelter. The 
funnel and screen are separated using nitric acid, which weakens the connecting 
bond between the two components and creates a stress point along the frit line. 
It is then exposed to a thermal shock which cleaves the weakened seam. A 
problem with this procedure, is that any additional crack (due to mishandling, 
etc.) that occurs on either the funnel or screen may cause additional stress 
points. These greatly increase the potential of the glass breaking along an 
undesirable seam making it impossible to recycle. It is estimated that 30% to 
50% of potentially recyclable CRTs enter the hazardous waste stream due to 
this problem (Crutch, personal communication). 

After separation, the various metals that coat the glass must be removed 
before the screen can be  sold to a lead smelter. The screen is placed in a. 
hydrofluoric acid bath and then sprayed with clean water. This is a successful 
way of removing the coating. This process, however, creates a waste water 
stream that contains a variety of metals that require additional treatment. The 
amount of metal present in the liquid is not homogenous and is difficult to 
quantify because the composition of CRTs varies by technology (e.g., black and 
white, color, etc.). This lack of homogeneity also prevents recovery of the 
metals present in the liquid waste stream. An alternative technology uses  high- 
pressure water (1000 - 3000 psi) to wash the panel. This allows the metal to 
settle out of the aqueous waste stream and be  reclaimed. 

The cleaned screens are then sent to a lead smelter to remove the lead 
that is embedded in the glass. This process reduces the panel to lead metal and 
a waste stream containing the glass and other impurities. Nearly all the lead is 
recovered with this process and the remaining waste stream becomes non 
hazardous (Crutch, personal communication). 

The above example demonstrates how an extensive, complex recycling 
program can be accomplished by separate industries. The following example 
demonstrates how problems associated with a complex recycling program (e.g., 
multiple systems, extensive costs, etc.) can become overbearing for one 
company. Landomar Corporation (New York) attempted to create a building 
insulation material from the screen glass. Landomar collected, stored, and 
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separated CRTs on site. The glass panels were ground into a powder and a n  
additional powdered absorbent was added and heated in a furnace at about 
170OOF. The  resulting product was a light insulation brick. The problem with 
this process was twofold; I) The process did not remove the metal coating from 
the screen prior to incineration. Consequently, the furnace emitted toxic gases  
far above permissible threshold levels, and; 2) grinding abrasive glass greatly 
increased maintenance costs for all mechanical parts in the process. The  
venture was subsequently abandoned (Zavatone, personal communication). 

4.2 Electronic Circuit Boards 

Electronic circuit boards are  recycled for the reclamation of precious (e.g., 
Au, Ag, Pt, etc.) and valuable metals (e.g., Nil Zn, Fe, etc.). This is primarily 
done in an open-loop system, as illustrated by the program described below. 

South Windsor Metallurgical (SWM) located in South Windsor, 
Connecticut recycles electronic circuit boards for their precious metal content. 
To date there is no steady source that supplies large amounts of circuit boards 
to the facility. The facility, however, receives most of its waste circuit boards 
from a variety of smaller sources, including members of the community, small 
shops (e.g., television repair), and discarded computers. Compensation is given 
to suppliers based on the boards precious metal content. Due to a specific 
RCRA exemption, SWM is allowed to  store the circuit boards, which may contain 
hazardous waste, at the facility without securing a Treatment Storage and 
Disposal permit (Fisher, personal communication). 

Details of the recycling process (Le., equipment, temperatures, quantities, 
etc.) remain proprietary, however, what follows is a general description of how 
two salable products are produced from one waste. The boards are initially 
sampled to determine precious metal content. If sufficient metal is found the 
material enters the process. The first s tep is to remove all organics by 
incineration. The residual ash from the incinerator is then crushed into a 
relatively srnooth powder. This ash,  which is the first marketable product, is then 
shipped overseas where it is purchased by a copper smelter. The smelter then 
removes the precious metals from the ash through electrolysis. The metal 
content in the ash  is usually <1%, enough to make the venture profitable for both 
companies. SWM also retrieves precious metals from their waste water streams, 
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and their air pollution control equipment. Every waste on site except cafeteria 
waste and sewage sludge, is included in the recovery process (Fisher, personal 
communication). 

Control Data Corporation (CDC) Minneapolis, Minnesota reports that in 
their area alone up to one million pounds of circuit board scrap are generated 
each year. These boards were previously recycled by copper smelters, however 
the practice was discontinued due to concern about hazardous waste resulting 
from high levels of lead from leadltin solder. CDC investigated a process which 
allows removal and recovery of the lead and tin from the boards and allows the 
copper to be recovered as a clean circuit board. (Control Data Corporation et. 
al. 1988) 

The project studied removal of lead solder from printed circuit boards. 
Boards were shredded, placed into metal baskets and immersed in a dilute 
caustic sodium hydroxide solution. A low voltage was applied between the 
basket and the solution which dissolved the lead and tin from the b0ard.s. The 
lead formed a hydroxide precipitate which settled out of the solution. Tin 
remained in the solution and could be selectively recovered. The pilot-scale unit 
was constructed and operated successfully. The power consumption was 
estimated at 24 kWh per ton of material processed. (Control Data Corporation 
et. al. 1988) 

The pilot study also evaluated a roasting and grinding method to separate 
the many layers of copper and glass fiber to allow recovery of a pure copper 
material. The scrap may be delaminated by roasting at 325% to 350% for 15 
to 30 minutes. This roasting process produced a foul odor that would need to be 
further addressed before commercialization. 

4.3 Batteries 

Batteries are recycled primarily for their metal content; other benefits 
include reduction of hazardous waste and reclamation of plastic. There is an 
established and efficient recycling mechanism for lead-acid batteries in the U.S. 
(Dodds and Goldsberry, 1986). Virtually all large, industrial lead-acid batteries 

,, (approximately 75% of all lead-acid batteries) are recycled. Also, a significant 
amount (e.g., 500 tons in 1991) of industrial Ni-Cd batteries are recycled by 
ANMETCO, Pittsburgh, PA; as well as additional quantities being shipped 
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abroad for recycling. Dry small cell and small batteries are not recycled in the 
U.S. at present. Most dry small batteries are disposed of by the individual 
consumer in the same way as other municipal waste; this is not likely to 
continue. The process in t hese  facilities is as follows (Dodds & Goldsberry, 
1986). The  batteries a re  either cut into parts with a hammer mill or the top 
carefully removed to reuse the plastic case. In the first method the batteries are 
decased and the parts a r e  stroked against a striker bar which allows the plates, 
separators and acid to fall onto a vibrating conveyor feeding into a storage bin. 
Acid drains off and is neutralized with ammonia. The rest of the battery is fed to 
a crusher and then to a separator, where the plastic casing material is separated 
from the plates, and connectors; the scrap is then smelted to form lead. The 
plastic casing is also reused totally or partially depending on the material. 
Organic polymeric materials may undergo molecular changes during 
reprocessing which limit the number of times a polymeric material can be 
reprocessed. The plastic can be used as a fuel since it contains about 20,000 
B tullb. 

4.4 Automobile Windshields 

An automobile windshield is a sheet of glass that contains an  embedded 
plastic laminate. The primary reason for recycling automobile windshields is to 
reuse the glass. This is usually accomplished with an open-loop system, where 
the reclaimed glass is sold to  other manufactures for use in the production of 
new material. At present the laminate is landfilled, however, the industry is 
looking for cost effective ways to  recycle this plastic as well. 

The recycling of windshield glass is usually done by two companies using 
a centralized strategy. T h e  first collects large quantities of discarded 
windshields, stores and separates  out the laminate into a homogenous stream of 
broken glass. The second company recycles the glass into a salable product. 

The first step of this process separates the glass from the laminate. This 
is done by exposing the windshield to natural temperature fluctuation which 
loosens the bond between the  glass and laminate. The windshield is then 
broken (e.g., run over with a tractor) to release the laminate. The broken mixture 
is then put through a ser ies  of processes (e.g., vacuum and magnetic) to 
separate out the laminate, any stray ferrous metals, and other impurities. The 
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next step is to sort the mixture until it becomes a homogenous stream of broken 
glass. This stream is then sold to a glass recycler as a furnace-ready product 
and recycled into plain glass windows and new automobile windshields. 

5. RECYCLING PHOTOVOLTAIC MODULES 

This section discusses general issues regarding recycling initiatives, 
particular processes, and strategies which could be used to develop a recycling 

. program for PV modules. 

5.1 Recycling Initiatives 

All three identified initiatives can justify a recycling program for PV 
modules. The primary reason for planning to recycle PV modules is to reduce 
the amount of potentially hazardous material entering the waste stream. In 
addition, this will reduce waste disposal costs, which include storage, handling, 
transportation and tipping fees. 

Whenever a potential waste is recycled to reduce a waste stream, a 
reusable and/or: potentially salable product is formed. As with the recycling of 
electronic circuit board industry, certain metals (e.g., Cd, Se) could be reclaimed 
and sold to generate additional income. Further, as demonstrated by the 
recycling of automobile windshield glass, recovered material (e.g., glass) can be 
reused in the manufacturing of new modules which may reduce production costs. 

A recycling program that includes a combination of these three incentives 
' should help to offset the start up and operating costs of the program. Start up 

costs for a recycling program include planing costs for activities such as market 
assessments, information dissemination, waste stream assessments, 
transportation and collection vehicles; planning new facilities; and, negotiating 
contracts. Operating costs include; capital costs if additional processing 
equipment is needed; annual costs for labor, equipment operation and 
maintenance; fuel; supplies; debt service; administrative, and overhead costs; 
marketing costs; and, disposal of residuals. 
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5.2 Process Development 

It is evident through the discussion in Section 4 that processes exist for 
materials similar in composition to PV modules. As demonstrated by the 
recycling of CRTs, several different processes performed by several different 
companies may be the most effective method of making the program 
economically feasible. 

The initial, and arguably, the most important steps in any process are 
collection, sorting and separating the waste product into homogenous streams of 
recyclable material. This is an unavoidable and cost intensive part of the 
process that will include both manual (i.e., labor costs) and mechanical (i.e., 
development and maintenance costs) sorting and separation. If this done by the 
primary recycling facility, it creates an incentive for smaller secondary recyclers 
to purchase "system ready" materials for separate recycling procedures. This is 
demonstrated by all three discussed processes (Le., crushed leaded glass, 
crushed a s h  containing metal, and furnace ready glass). 

Consideration should be given to quality control of the homogeneity of the 
process feed-stock, process engineering, and post treatment products. Potential 
environmental risks resulting from the process must also be addressed before 
beginning a program. This includes the treatment and handling of additional 
wastes and the storage of a finished product. 

5.3 Strategy Feasibility 

Prior to the development of a recycling program, basic feasibility factors 
should be considered. These include the potential amount of material to be 
recycled annually, how will this material be collected, storage availability and 
regulatory constraints, and potential markets for the recycled product. After 
these factors are analyzed, a decision should be made on whether a centralized 
or decentralized strategy should be employed. 

AS discussed, materials with complex composition (Le., many different 
components) can be recycled using a combination of both a decentralized and 
centralized facilities and that use both open- and closed-loop systems. This 
type of recycling strategy may also be employed for the PV industry. 
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6. CONCLUSION 

The difficulty in recycling PV modules will not lie in the development of a 
technological process. Since the technologies for recycling products with similar 
materials and composition exist, developing a process, or series of processes, 
for PV modules should primarily be a matter of customization. Developing an 
entire recycling program will, however, provide a greater challenge. This will 
require numerous startup and ongoing cost which could jeopardize the feasibility 
of a program. Consequently, a recycling program that will pay for itself must b e  
developed for PV modules. Achieving this will entail the careful analysis of 
incentives, the use  of various combinations of strategies, and the inclusion of 
multiple industries for additional technical processes. This will contribute to  the 
success  of a program by dividing the costs and ensuring that secondary 
products and rn-aterials enter into a diverse amount of markets. 
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