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Introduction

- Relative to many competing forms of'energy conversion technologies, §

photovoltaic systems are considered among the most environmentally be-
nign. This is especially apparent during the projected 20-3C years of
system operation. However, in a life cycle context, which includes manu-

: facture, installation, operation and maintenance, and decommission,
: photovoltaic system development poses a number of potential environmen-
" tal, health, and safety issues. Federal environmental regulatory pro-

grams will apply to waste streams generated in the development of photo-:
voltaic systems and will ultimately determine the degree of environmental
acceptability of the technology.

The Solar Energy Research Institute: (SERI) has lead national laboratory :

responsibility for advanced research and development within the federal °

' photovoltaics program. Advanced materials undergoing research at SERI
" are being evaluated in light of many criteria, including materials

availability and environmental effects. Environmental research efforts :-

" in FY80 have focused on two advanced photovoltaic cell materials: copper:
- sulfide/cadmium sulfide and polycrystalline silicon. Information and

conclusions presented in this paper are adapted from SERI's 1980 work.
A final report is in preparation and will be available in early 1981.

As these materials may be fabricated into photovoltaic cells in numerous

- ways, four representative processes were selected for analysis: the

front wall CupS/CdS approach; a diffused p/n junction in a polycrystalline
silicon wafer; spray deposition of a tin oxide junction on a poly-
i crystalline silicon wafer; and the epltaxlal deposition of high purity




. pol yc£y§falllne silicon onto a low cost substrate. In very 51mp11f1ed

terms, the front wall CuyS/CdS approach involves vacuum deposition of
CdS onto an electroformed copper foil substrate. A CujS layer is formed
and added through a wet chemical dip.

‘ While four representative cell fabrication approaches were considered in

the environmental review, only the Cu2S/CdS approach will be highlighted
in this paper. SERI's forthcoming report on the FY80 research will pro-
vide a detailed look at all four processes. In this report, the environ-
mental effects of manufacture are presented for each of the cell pro-
duction options. In addition, the potential effects of installation,
operation and maintenance, and decommission are evaluated. The report
also discusses the potential for controlling and avoiding any adverse

. environmental effects identified. Finally, a major section of the analy-
. sis is dedicated to an overview of federal environmental, health, and

. safety programs applicable to each advanced material option. It is this
. last stage, the regulatory overview as applied to the CuS/CdS optionm,

that is covered in this paper.
The Cuy8/CdS Prucess j

There are two methods of fabricating copper sulfide/cadmium sulfide thin-

" film heterojunction cells: the front wall (or front surface) cell and
" the back wall (or back surface) cell. Development of the front wall

Cu2S/CdS cell is supported by the U.S. Department of Energy (DOE) and
the Solar Energy Research Institute through contracts with Westinghouse
Corporation and the Institute of Energy Conversion at the University of
Delaware. Both have proposed processes for commercial scale productlon

" (shown schematically in Figure 12.2. 1)

Although this cell is constructed oﬁ a layer of CuS and CdS, the CujS
layer is extremely thin (0.Z«m). The CdS film (5-30wm) comprises the
bulk of the semiconducting region and dominates the process consider-
ations and operations of the cell. iThe heterojunction is formed from

§the CdS and CuyS layers. The CdS, primarily because of the stoichio-
- metric deficiency of sulfur, is an n-type semiconductor; the Cu2S is a
. p-type semiconductor due to a deficiency of copper.

Environmental Regulations and the Cu2S/CdS Process

Commercial scale production of the Cu3S/CdS photovoltaic material op-
tion will result in various by-product waste streams and associated

%health and safety risks at one or more stages of the cell production

process. These waste streams may affect air, water and land environ-

' ments depending on the handling, treatment and disposal methods employed.

Federal environmental regulatory programs will apply to these waste
streams much as they apply to a variety of wastes from other industrial
activities.

SERI's FY80 research identified those regulatory programs which will
likely apply at each of six discrete stages of the technology's develop-

' ment: 1) materials exiraction; 2) materials processing; 3) cell fabri-
' cation; 4) installation; 5) decommissioning; and 6) materials, process-—

ing inputs and waste transportation (see Figure 12.2.2).

The analysis has been limited in part due to the strictly qualitative
information available on the materials inputs and waste stream by-pro-

- ducts of the CupS/CdS process. However, pollutant emission standards,
‘limitations and exposure thresholds have been identified and can be used




to help suggest whether there may be regulatory constraints at the

;commerc1allzation stage of technology development,

As the cell fabrication stage is unique to the photovoltaic industry,
its waste stream characterization and regulatory profile is of great :

interest to both SERI and the participating industries. Figure 12.2.3

presents a summary of the emissions, effluents, and solid wastes expected
from front wall Cu2S/CdS cell fabrication. '
|

Air Qqality
{
From an air quality standpoint, the fabrication of CuyS/CdS cells gen-
erates few atmospheric contaminants. Hydrogen sulfide and hydrogen
chloride are both emitted during the etching process and in the forma-
tion of the CusS barrier. Nitrogen gas is also emitted during the Cu)S :
barrier formation process step. Silicon monoxide or tantalum pentoxide .

particulate matter may be emitted if an antireflective (AR) coating is
~used. Interconnection of the cells 'is accomplished by soldering, which .
" emits various acid fluxes, such as zinc chloride, ammonium and stannous :
" chlorides, lead suboxides, and formaldehyde and fluorine fumes. 1

Hydrocarbons are produced during the degreasing done in the substrate

' preparation stage; however, these may be controlled with ventilation
 hoods, and activated carbon or other absorbing means.

* The particulates which are emitted in AR ccating and the hydrocarbons

: produced by degreasing are both criteria pollutants for which National

. Ambient Air Quality Standards have been established. Cu?2S/CdS cell

" manufacturing facilities are not now classified as major stationary

f sources by the Environmental Protection Agency and therefore do not auto-
: matically qualify for Prevention of ‘Significant Deterioration review or

. Non-attainment rules. It does not appear that such facilities would

: |
OSHA also regulates several chemicals as carcinogens. Recently, regu-

emit greater than 250 tons per year 'of a regulated pollutant. Without
the creation of a new stationary source category by EPA, cell manufac-
turing facilities would probably not be subject to either PSD or Non-
attainment rules. Additionally, there are no New Source Performance
Standards which now apply to such fabrication facilities, nor do any
of the National Emission Standards for Hazardous Air Pollutants appear
currently applicable to the CuZS{Cds process.

Occupational Health

Worker health and safety standards regulating air quality issued by the .
Occupational Safety and Health Administration are applicable to the
CuyS/CdS cell manufacturing industry Standards for workplace exposure§
have been developed for many of the'atmospheric contaminants generated
in production of the cells. Selncted time weighted average workplace
air contaminant levels are listed in Figure 12.2.4.

lations have been issued to furtherfidentify, classify and. control

" potential occupational carcinogens. i As part of an initial screening
of more than 2,000 substances. OSHA has listed 107 substances as can-

didates for. further review as potential carcinogens. Only a few of

- these 107 are used as material inputs or created as waste by-products in

either of the Cu2S/CdS or polycrystalline silicon optiens. However, a
number of substances on an earlier OSHA list of potential carcinogens
are prominent in the two cell processes. Among these are cadmium, :
cadmium oxide, cadmium sulfate, cadmium sulfide, sulfuric acid, nickel !
!

' ammonium , chromium and chromium compounds. 4 Nevertheless, listing

!



does not represent a scientific determinatlon of carc1nogen1c1ty

Water Quality

‘Water used during several of the process steps as a rinse solution can be-
"come contaminated with metal salts and other wastes. Specific liquid
‘effluents may include: phosphorus detergent, zinc fluoroborate bath
'solution, which typically consists of zinc fluoroborate, ammonium chloride
.ammonlum fluoroborate, and hydrogen chlorlde, and methanol from the i
substrate preparation steps; cadmlum sulfide and hydrogen chloride from ;
etchlng9 sodium, copper, and cadmium' chlorides generated during barrier
formation; and gold, nickel and copper bath solutions used in the metal-
_ization step. 3 : ;
These liquid effluents may be discharged directly into receiving waters, °
‘indirectly via publicly owned treatment works, or they may be stored and
treated as solid wastes. If they are directly discharged, the cell '
manufacturing facility may be considered a point source subject to the
National Pollutant Discharge Elimination System permit program under the
‘Clean Water Act. Under this program, manufacturing operations producing
-the Cu28/CdS cells could be considered a primary industry soéureée under
‘the electronic component manufacturing category. Effluents generated
will have to undergo pre-permit application testing for toxic, metals,
conventional, non-conventional, and hazardous pollutants as “defined by

_EPA.

No industry specific effluent limitation guidelines have been issued for
"CupS/CdS cell or module manufacturing operations. However, there are
-effluent guidelines which apply to electroplating and etching operations
performed during the cell manufacturing process.A5 Plating operations
,may be used for substrate preparation and grid application during §
-metallization. Clean Water Act regulations also control discharges
‘resulting from the electroplating of common metals, such as zinc in the !
'substrate preparation step or copper; and nickel in the metallizatiom step.
.Applicable standards depend upon the size of the regulated facility, the
volume of discharge water, and the number of plant employees. . ;
} N
;There are no New Source Performance Standards developed to date for the !
fCuZS/CdS cell manufacturing industry, nor for any of the specific process
isteps involved. Additionally, none of the toxic pollutant effluent stan—;
'dargs issues to date by EPA appear‘appllcable to the manufacture of these
cells.

i Some of the liquid effluents generated by the manufacture of the CuZS/CdS
‘cells are listed as hazardous substances under the CWA. Ammonium chloride
‘and ammonium fluoroborate, which are*generated during substrate prepara-':
:tion, and cAadmium chloride resultlng from barrier formation, are listed
‘and their discharge is generally limited. Deep well disposal of any
-liquid effluent produced during the manufacture of CuS/CdS cells must be
‘1n compliance with applicable Underground Injection Control (UIC) programs
-under the Safe Drinking Water Act. | !

i Solid and Hazardous Wastes

"The disposal of nonhazardous waste produced in CuyS/CdS manufacture is
‘regulated via state programs established under the Resource Conservation,
"and Recovery Act. Some of the wastes generated in the cell production

| process qualifies for regulation under the Hazardous Waste Management
|(HWM) program under RCRA if it is ta be disposed of on land or if stored

i for treatment. Wastes containing any of the toxic constituents listed
! i
I




by EPA are con31dered hazardous wastes. Wastewater treatment sludoes,
~spent bath solutions, bath sludges, spent stripping and cleaning bath
solutions from electroplating operations, and certain spent solvents used
. in degreasing operations are all listed as hazardous wastes by EPA. Their

fOCCurrence in the cell fabrication process would likely trigger appli-

. cation of the stringent handling, reportlng and treatment provisions of

the HWM program.

Occupational Safety

In addition to the workplace air quality standards established by OSHA, :
that agency also issues safety and health regulations. These job safety:

- rules address handling, labeling and warning requirements with respect

to materials and prescribe protective gear for workers. Manufacturing
operations, such as photovoltaic cell fabrication, would be covered by
these additional OSHA stipulations.

Regulatory Trends

' Changes in the environmental regulatory framework may easily modify this:
analysis. It is not uncommon for variances and other exceptions to regu-

lations to be instituted. Patterns of enforcement are also not well es-

. tablished for many of the programs, as legal challenges and revisions
. to the regulations occur frequently. These factors will all be important
" in the determination of specific regulatory applicability at the com-

mercialization stage of each PV material option. Also, alternative manu-.
facturing processes may be adopted at later stages of technology develop-

ment. This could easily result in the addition or subtraction of regu-

latory programs from the sets identified.

EFindings and Conclusions

SERI's analysis identified the range of federal environmental, health,

i and safety regulatory programs which will likely be applicable to one or’

more stages of CuZS/CdS and polycrystalline silicon photovoltaics devel-

. opment. No attempt was made, nor is it indeed possible, to indicate

. with certainty whether any stage of PV dévelopment would experience regu-

latory compliance difficulties. At 'best, the analysis indicates the
potential applicability of environmental regulatory programs.

Based on the qualitative review of regulations which has been done, and |
on an understanding of waste stream control options, it is possible to

identify the two or three most significant regulatory programs affecting
the two advanced PV material options which should receive continuing and:
more detailed study. The regulatory programs which appear to be of most:
consequence are the effluent limits and permit procedures of the Clean
Water Act, the workplace exposure regulations of the Occupational Safety:
and Health Act, and the hazardous waste disposal regulations under the
Resource Conservation and Recovery Act. !

It is important to note that there are no present effluent limitation

 guidelines which apply specifically to the industrial category of photo-
" voltaics manufacture, whether by cadmium or silicon process. The ultimate
" size and nature of the emerging PV industry will be the force which

triggers industry specific standards. At other stages in the production.
process for PV cells, the manufacturing, mining, and processing activities
are sufficiently common as to already be addressed by regulations on an

" industry specific basis (i.e., electroplating, glass manufacture, in-

organic chemical manufacturing). Figure 12.2.5 lists these industries




and the *egulatory programs which apply

The processing, fabrlcation and installaticn of PV cells under each ma-
terials option will be subject to the general workplace exposure and :
safety standards authority of the Occupational Safety and Health Admini-
stration. Standards have been and will continue to be established for
specific hazardous chemical substances which must be controlled in the
work environment irrespective of the industrial category affected. A !
stringent cadmium exposure standard for the workplace will have impli-
cations for a variety of industries besides CupS/CdS cell production.

OSHA will be considering a variety of factors in individual rulemaking
procedures on occupational carcinogen determinations. These include:

a) the estimated number of exposed workers; b) the estimated levels of i
workers' exposure; c) the molecular similarity of the substance to a known
carcinogen; and d) the availability of safer substitute substances.

‘Qualification of a substance under OSHA's rules of evidence for carcino- :
genicity will trigger regulation at "lowest feasible" levels. 6 This '
level of control will include the economic costs of compliance. Specific,
work practices to limit cxposure will be determined on an individual che-,
mical basis. If substitutes for the substance exist, the substance could,
be banned. Suspected carcinogens which do not meet OSHA's rules of evi-
dence may still be regulated in the workplace at less stringent levels.

'

Under RCRA, there will be a tight regulatory program developed for the . ..
"cradle~to-grave" tracking and monitoring of hazardous wastes. To the
extent that the PV materials options examined include the use or disposal’
of hazardous chemicals, there will be regulatory responsibilities to be

maintained.

:In summary, then, the extent to whicﬁ CupS/CdS and polycrystalline sili-
con materials options will be affected by environmental, health, and
safety regulations depends on three major determinants:

e the specific quantitative diﬁensions of waste streams, control
options, and discharge sites ito be employed;

e the modifications which may occur within waste-generating indus- :
trial processes at all stages of PV development and use; and

o the changes, either more cor less restrictive, in quantitatively
enforced environmental, health, and safety standards. |

‘As progress is achieved in materials R&D and as forecasts may be made of
‘the quantitative dimensions of the PV cell production process, more con- i
clusive findings as to regulatory compllance and associated costs may be
reached. The qualitative regulatory review comprising part of SERI's FY
‘80 research can help guide the direction of subsequent research into thes
‘important questions. ; i
' |
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