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ABSTRACT 

One of the most promising materials for low-cost 
thin film photovoltaic cells is copper indium selenide 
(CulnSg or CIS). As with any new material, success- 
ful commercialization of CIS photovoltaic (PV) tech- 
nology will require attention to environmental issues 
related to the sources of raw materials, their usage, 
ana the disposal andlor recycling of products at the 
end of their useful life. This paper focuses on three 
specific environmental issues related to CIS technol- 
ogy: (i) Economics of the use and re-use of materials: 
(ii) regulations on environmental disposal and waste 
hapdling, and (iii) logistics and economics of recycling 
and disposing of products by industries faced with 
comparable environmental issues. 

COST AND MATERIAL AVAILABILITY OF CIS PV 

Estimates of the production costs for large scale 
10-20 MWlyr) CIS PV modules range from $0.5- 

13a. The materials in CIS modules cost 3545% of 
the total projected manufacturing costs. Glass for the 
substrates and cover sheets accounts for about one 
third of this amount, and the active thin-film electrodes 
and semiconductor junction materials account for an 
additional one quarter to one third. Indium is the most 
costly of the thin-film constituents, accounting for 2.5- 
5% of the total projected cost of a module. The 
absence of any key recoverable material makes it un- 
likely that the availability of materials will economically 
warrant recovering any materials from worn-out 
mcdules. 

Overall material supply is an important issue for the 
long-term contribution of CIS PV technology. In the 
long-term, large-scale production of CIS PV modules 
may be limited by the availability of indium and 
selenium io levels of ca. 200 GWp. Furthermore, 
other new and growing industries may compete with 
the PV industry for these materials; for example, the  
flat-panel display industry may compete for In. These 
reasons suggest that we should consider options for 
minimizing the consumption of these materials, and for 
recovering these materials from end-of-life modules. 

ENVIRONMENTAL REGULATIONS 

Federaf and State environmental regulations can 
have a significant impact on product manufacturing, 
use, and disposal, and recycling. Applicable regula- 
tions are the Resource Conservation and Recovery Act 
(RCW), its various amendments, and corollary State 
regulations. 

The RCRA relates only to solid wastes and defines 
them a s  any "discarded material" that is not specifi- 
cally excluded. Neither PVs in general, nor CIS in 
particular, are excluded from the general definition of a 
solid waste. CIS materials and CIS PV modules are 
not 2 n  'Inherently waste-like' material according to 
RCRA definitions, but end-of-life CIS PV modules are 
likely to be categorized a s  solid wastes unless handled 
in a manner that qualifies for exclusion. Unused 
defective PV modules and various manufacturing by- 
products (e.g. broken module plates, patterning dusts) 
might be exempted from being handled as a solid 
waste if sent for reclamation. RCRA assigns a hazard 
classification to wastes based on four characteristics: 
ignitibility, corrosivity, reactivity, and toxicity. The 
California Hazardous Waste Control Law (HM'CL) 
incorporates R C W  and expands the toxicity require- 
ments by adding additional criteria of total 
concentration to the toxicit.] charactteristic. 

Under RCRA regulations, CIS PV modules (not 
excluded from classification by the reclaim provisions 
of the solid-waste definition) are likely to be classified 
a s  non-hazardous provided the modules do not exhibit 
hazardous "characteristics: Under HWCL regulations, 
CIS PV modules would likely be classified as  non- 
hazardous if the Toxic Characteristic Leaching 
Procedure (TCLP) and the Soluble Limit Concentration 
(STLC) tests were "passed", except that current CIS 
PV structures probably will exceed the TTLC limits for 
total concentrations of selenium. 
. The RCRA contains additional provisions of key 
importance in determining how a material is to be 
handled; they concern recycling, small quantity gen- 
erators, household wastes, and when a product 
becomes a waste. The impact of these provisions is 
that used CIS PV modules could be handled as  non- 
hazardous waste if sent for recycling a s  an ingredient 
in or as a substitute. This allows used modules to be 

This research was performed under the auspices of the U. S. Department of Energy 
under Contract No. DE-AC02-76CH00016 



recycled e.g., by metal smelters who use the substrate 
and cover glass as sources of silica for their slagging 
material. 

LOGISTICS AND ECONOMICS OF RECYCLING 
AND DISPOSING OF CIS PVS 

- 
The logistics and economics of CIS PV recycling 

and disposal were examined from three points of view 
[l]: (1) a zero-order estimate was made of recycling 
economics, based solely on materials economics; (2) 
the prospects and pitfalls of recycling similar products 
were examined by a survey of comparable industries; 
(3) the regulatory framework, materials economics, 
and the experiences of comparable industries were 
synthesized into recommendations for a workable 
recycling program for PV modules. 

Materials Economics 

It is unlikely that CIS PV modules can be economi- 
cally recycled for the value of their materials. The 
highest salvage value of a CIS PV module is likely to 
be from the silica content of the glass. Metals smelt- 
ers, who purchase silica for slagging, may be willing to 
recycle PV modules, though the sodium and calcium 
content of the glass typically used in PV modules less- 
ens their economic value as a slagging material. 
Metals in the module will be effectively consumed 
since, for example, the copper content of a CIS PV 
module (0.2 wt%) is less than the average copper 
content in slag (0.5-0.8 wt%). 

Comparable Industries 

The electronics and telecommunications industries are 
among those concerned with environmental issues 
similar to those of the photovoltaic industry. They 
were discussed in detail elsewhere [2,3,4]. To put the 
discussion of comparable industries in context, the 
average materials content of PV modules, electronic 
goods and appliances can be compared. Thin-film 
CIS PV modules are dominated by th.eir glass content, 
whereas printed circuit boards, computers, and 
telephones are dominated by metals, plastics, and 
fiberglass. These differences in materials content can 
have an important impact on recycling techniques and 
economics. 

The experiences and practices of the industries of 
printed circuit boards, electronics, telecommunica- 
tions, and fluorescence light tubes were described 
elsewhere [3]. From these experiences, we conclude . 
that unused defective CIS PV plates and modules are 
likely to be "unlisted commercial chemical products" 
which are not solid wastes when sent for reclamation. 
Similarly, debris and dusts generated during the 
manufacturing of modules are  likely to be "unlisted by- 
products" which are not solid wastes when reclaimed. 
Thus, provided a reasonably cost-effective procedure 
for reclamation is available, CIS PV plates, modules, 
and manufacturing by-products probably will not 

require handling a s  hazardous wastes, independent of 
their TCLP test results. 

The electronics and telecommunications industry 
recycles a wide range of used and unused products 
through a plethora of collection and processing chan- 
nels. Used computers and telephones typically are 
collected, consolidated, and shipped to a "service 
centet". The used items are regarded as used prod- 
ucts, not wastes, during these first steps in the recy- 
cling sequence. The service center does one of three 
things: (1) refurbishes the used equipment for resale 
as  a working unit, (2) disassembles the unit for spare 
parts, or (3) dismantles the unit to reclaim the 
materials. Refurbished units and spare parts remain 
"products", while units andlor pieces sent for 
reclaiming are "wastes" (subject to RCRA). The 
economics of recycling electronics and 
telecommunications is driven by the value of the 
usable components salvaged from recycled units and 
by their precious metals content. 

Paralleling these practices, collecting and consoli- 
dating used PV modules would be greatly simplified if 
used modules were returned to the manufacturer or a 
contracted recycling center as "products" destined for 
potential refurbishment a s  PV modules. A 
manufacturer or refurbisher could evaluate used 
modules for repair, disassembly, or dismantling for 
reclaiming without necessarily triggering waste 
treatment regulations. 

The key to recycling glass is to separate the glass, 
plastic, metals, and paper, and a wide variety of inno- 
vative processes and machines are used to do this. 
Unfortunately, glass-containing products that are close 
corollaries to laminated PV modules are seldom cost- 
effective to recycle at present. For example, laminated 
front auto-windshields generally are not recycled be- 
cause the laminate plastic is difficult to remove and 
hinders t h e  grinding of cullet to the manufacturer's 
specifications. PV modules probably will be difficult to 
recycle via glass recycling channels due to their metals 
content and similar difficulties in grinding. However, 
by using a non-laminated PV-module package (e.g. 
glasslglass edge-sealed package), then it might be 
possible to separate the glass and films sufficiently to 
recycle the glass through existing glass recycling 
channels, and  the films through existing metals-recy- 
cling channels. On the other hand, large primary and 
secondary metal smelters are able to cost-effectively 
process lower concentration metal sources, and they 
are interested in working with PV module 
manufacturers to recycle thin-film PV modules. 

WORKABLE RECYCLING 

A feasible recycling program for PV modules will 
require careful attention to the regulatory framework, 
material economics, and the experiences of compara- 
ble industries. The basic viability of any recycling 
program often hinges on concentration: 

Geographic concentration of the goods and their 
proximity to appropriate recycling facilities; 
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0 Functional concentration in the steps of a recy- 
cling sequence, (e.g. decommissioning, dismount- 
ing, collecting, consolidating, pre-processing, 
transporting and recycling); 

0 Content concentration of valuable materials in the' 
goods to be recycled. 

Thin-film photovoltaics is not at present very concen- 
trated - not by geography, by function, or by content. 
Present markets for PV are dominated by 
geographically dispersed installations, such as off-grid 
power systems for industrial sites, and stand-alone 
residential applications. The average PV system is 
small compared to a minimum transportation load of 
reclaimed material accepted by smelters, e.g. 1-2 kW 
vs. 35-40 kW which is necessary to meet a 10,000 Ib 
minimum. The regulatory framework and legal liability 
concerns are likely to segment the PV module recy- 
cling sequence. The total amount, concentration, and 
value of the content of reclaimable material is low. 
The materials reclaim value probably will be less than 
costs of collection and processing. At best, recycling 
PV modules will be a challenge. 

Reaven [4] proposed three generic paradigms (Le., 
utilities, electronics and batteries) for institutional in- 
frastructure to address the challenges inherent in 
recycling PV modules. In the utilities paradigm, large 
end-users (e.g. electric utilities) would be the primary 
owners andlor servicers of large PV systems; hence, 
utilities logically would be primarily responsible for 
collecting and transporting the end-of-life modules to 
the recyclers. PV module recycling would be integrated 
with other utility programs, such as conservation, off- 
grid service tariffs, and demand side management 
Recycling charges would be imbedded in the rates 
charged by the utility. 

In the electronics model, recycling of PV modules 
would mimic the recycling of electronics and telecom- 
munications products. Manufacturers would be indi- 
vidually responsible for collecting and transporting 
end-of-life modules to the recyclers. Collection, con- 
solidation, and transport would likely involve reverse 
logistics companies, and recycling would be done by 
integrated dismantlers (i.e. not exclusive to PV mod- 
ules) and materials recyclers. Recycling services 
might be paid for by the generator, the manufacturer, 
or by some kind of escrow fund set aside when the PV 
systems were purchased. 

In the batteries paradigm, manufacturers would be 
collectively responsible for collection and transport to 
recyclers, probably through the incorporation of a col- 
lectively supported PV-module recycling entity. 
Reverse retail channels and consolidation entities 
would probably be responsible for collection, consoli- 
dation, and transport; and the modules recycled by 
dedicated dismantlers, and materials recyclers. 
Goods collected through reverse retail channels could 
be transported directly to smelters under pre-paid 
shipping arrangements. Consolidation entities could 
collect goods from municipal recycling centers and 
large commercial and institutional generators. Recy- 

cling services might be paid for by industry dues to the 
collective recycling entity. 

While these generic paradigms are useful in identi- 
fying elements of recycling programs that might be 
workable for PV modules, none of those fits all the 
potential needs of the photovoltaics industry. Instead, 
a program that includes parts of the above paradigms 
may be workable in the PV industry. In this context, 
four general observations are made: 

(1) Paralleling the utility paradigm, collecting 
decommissioned PV modules is probably feasible for 
large, centralized installations. The costs of recycling 
large systems can be absorbed by the system's 
installer or capitalized by the system's owner. 

(2) Collecting dispersed modules in small, remote 
installations and consumer applications will be prob- 
lematic. Paralleling the battery paradigm, reverse 
retail channels and periodic pick-up by reverse logis- 
tics companies may be the best strategy. With the 
market segmentation and materials dispersion of PV 
products, collective action by PV module manufactur- 
ers is essential, but competitive pressures and lack of 
regulatory imperatives reduce the prospects for this 
happening. 

(3) Recycling modules collected by municipal 
entities should likely be handled by the PV industry 
with an arms-length information role. Municipalities 
may separate end-of-life PV modules from other 
municipal solid waste, particularly if they are classified - 
as a hazardous waste under Federal, State, or local 
regulations. The PV industry could provide guidance 
for municipalities, without assuming the legal liability 
of getting directly involved with the handling and 
recycling of these materials. 
(4) Multi-materials recyclers, such as those entities 

active in recycling electronics and telecommunications 
equipment, may be useful participants in recycling 
efforts for PV modules even if they do not provide the 
reclaim values of salvaging components and precious 
metals that normally support recycling in those fields. 
These multi-materials recyclers have a wide spectrum 
of process expertise that might accommodate PV 
module recycling in the future. 

The actual recycling of CIS PV modules probably 
will proceed along four technological steps. 

The projected economics of recycling CIS PV 
modules can be  estimated from the information gath- 
ered from comparable industries and existing recycling 
programs. Three cases were examined [5]: First, a 
base case assuming that dispersed, lowconcentration 
PV modules were recycled via reverse retail and/or 
curbside municipal solid waste channels. In this base 
case, an incentive paid to the generator or primary 
collector of $l/module might be necessary. The net of 
this scenario would be a recycling cost of about Sew. 
An alternate best-case recycling scenario would 
assume that no incentive was paid to the generator or 
primary collector and there was a Net Present Value 
credit of about 5qYW for avoiding future environmental 
liability if disposed of instead of recycled. The net of 
this best-case scenario is roughly break-even. 



Generator-based recycling via direct transport by 
the small generator to the recycler would entail higher 
transportation costs (due to smaller shipment loads) 
and higher recycling costs (due to smaller processing 
loads). Large generators (e.g. utilities) would garner 
the lower rates possible with larger shipments and 
processing loads, and be able to roughly balance 
recycling costs against avoiding future liability in order 
to  break-even. 

CONCLUSIONS 

Successful commercialization of CIS PV technology 
will require attention to environmental issues, including 
supplies of source materials and disposal or recycling 
of end-of-life products. 

Indium and selenium reserves may place an ulti- 
mate upper limit on the production of CIS PV products. 

PV modules and module manufacturing by-prod- 
ucts and wastes are regulated under RCRA and under 
comparable State regulations. Under RCRA 
regulations, CIS PV modules may be classified as 
non-hazardous provided they do not exhibit toxicity 
characteristics. This requires that the selenium- 
containing compounds be insoluble, and that certain 
design restictions apply (e.g., the CdS film is thin and 
only on one side, and lead-free solder is used). 

Under California regulations, CIS PV modules 
would likely be classified as non-hazardous except for 
exceeding the Total Threshold Limit Concentration 
(TTLC) for selenium. The CIS PV industry can 
address the Se TTLC issue via legislative, re-classifi- 
cation, or rule-making processes. 

Unused defective CIS plates are likely to be exempt 
from RCRA regulation if reclaimed as an unlisted 
commercial chemical product. Various processing 
byproducts (e.g. flakes, dusts) probably will be RCRA- 
exempt if reclaimed as unlisted by-products. 

The economics of recycling of CIS PV materials will 
hinge on exemptions in Federal and California State 
regulations for solid wastes recycled as an ingredient 
in a industrial process, or as a safe and effective sub- 
stitute for commercial products. In particular, metals 
smelters may use thin-film PV plates and modules as 
viable sources of silica for slagging. Regulations 
allowing "pre-treatment" of wastes before their use or 
re-use will be important in facilitating economic recy- 
cling. The highest salvage value of a CIS PV module 
is likely to be that of the silica content of the glass 
used in slagging by metals smelters. 

A workable recycling program for PV modules will 
require careful attention to the regulatory framework, 
materials economics, and the experiences of compa- 
rable industries. Paralleling the practices of the elec- 
tronics and telecommunications industries, collecting 
and consolidating used PV modules would be greatly 
simplified if used modules are returned to the manu- 
facturer or a contracted recycling center as "products" 
destined for potential refurbishment as PV modules. A 
manufacturer or refurbisher could evaluate used 
modules for repair, disassembly, or dismantling for 

reclaim without necessarily triggering RCRA waste 
treatment regulations. 

Separating materials and subsequently concentrat- 
ing them are essential aspects of recycling. PV mod- 
ules will be difficult to recycle via glass-recycling 
channels due to their content of metals and the diffi- 
culty in grinding the laminate to cullet specifications. 
However, if a non-laminated PV module package was 
used, then it might be possible to separate the glass 
and films sufficiently to recycle the glass through exist- 
ing glass-recycling channels and the films through 
existing metals-recycling channels. Further work on 
techniques for disassembling PV modules will be im- 
portant in quantifying whether modules can be cost- 
effectively disassembled for materials reclaim, or 
whether the focus must remain on recycling the 
unseparated module (e.g. shredded and fed into a 
metals smelter). 
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