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TO DISTRIBUTION:

The need to logically understand the potential impacts of an energy
technologies material requirements on the reserves and resources of that
material as well as on the processing capability that exists to extract
and produce the material is paramount to successful commercialization of
a technology. Based upon this recognized need, a methodology has been
developed by which one can characterize the technology (describe its
material requirements for energy system components, subsystems, or tech-
nologies) and based upon forecasts for implementation of the technology
determine the materials and processing impacts as a function of time.

This methodology pinpoints bulk and raw material requirements to
produce a finished energy supply technology. The method can be used
effectively in identifying those materials that may be in short supply
and indicates the need for strategies to increase material processing
capabilities, the availability of substitute materials and resource
exploration. Thus, it can be used as a tool for estimating production
requirements as well as planning materials research and development needs.

The attached report describes a computer screening methodology,
linked to analytical methods to specify potential impacts. Two examples
of photovoltaic systems have been used to explain the workings of the
screening/analysis process.

The importance of this methodology with its data base is that it
may be applied to any energy technology system or subsystem and used
as a planning guide to analyze materials requirements between potentially
competing technology options.

F.A. Koomanoff, Director
SPS Project Office

Office of Energy Research
Department of Energy
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A METHODOLOGY FOR IDENTIFYING MATERIALS CONSTRAINTS TO IMPLEMENTATION OF
SOLAR ENERGY TECHNOLOGIES

INTRODUCTION

The expanding implementation of solar energy technology will involve
the use of large amounts of common construction materials and, in some
cases, relatively rare materials. Heavy use of such materials could pro-
duce upward pressures on the future cost of solar energy and/or limit the
rate at which solar energy devices could be produced and placed in the ener-
gy market. Thus, the Environmental Research Assessment Branch, Division of
Solar Energy, Department of Energy (DOE) initiated this study with the ob-
Jjective of developing a methodology for identifying those specific materials,
processes, and resources that can potentially hinder the implementation of
solar technologies. Using this method as a tool for early identification of
potential materials problems during the solar research and development pro-
cess allows for development and implementation of strategies for mitigating
these materials problems; e.g., design modifications, industrial research
and expansion, and resource exploration.

The materials cycle shown in Figure 1 provides the basis for the mate-
rials assessment methodology presented in this report. This conceptual ma-
terials cycle illustrates the flow of materials from their natural state in
the earth's crust as ores or raw materials toward their use as final pro-
ducts and devices. The three major materials states shown are raw materials,
bulk materials, and engineering materials (alloys). Although production in-
creases in certain steps of this materials cycle could be achieved rather
quickly (1-2 years), increasing production of bulk and raw materials would
require significant lead time (5-20 years). For this reason, the bulk ma-
terials necessary to produce engineering materials for constructing solar
energy systems and the raw materials necessary to produce the required bulk
materials have the greatest potential impact on solar growth.

The materials assessment methodology involves two basic activities.
First, a screening process is used to identify the bulk and raw materials
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FIGURE 1. The Materials Cycle

that appear to be significant problems. An interactive computer system
is used to perform this screening process. Second, a more detailed mate-
rial assessment is performed on each material identified through screen-
ing to determine the severity of the material's problems.

The assessment of future solar materials is performed over the time
frame when solar technologies will be emerging to compete with existing
energy sources; i.e., the years 1977-2000. The process of estimating
the materials needs of solar technologies over this time period involves
the combination of a "solar development plan" with estimates of the mate-
rials requirements of specific solar designs. The solar development plan
involves a forecast, for each design, of the date of commercial introduc-
tion and the total amount of peak energy production capacity in the year
2000. These two estimates are used to determine an exponential growth
rate based on the natural constant e. The form of this equation allows
for an ever increasing number of Giga-Watts electric (GWe) installed in
each year. This growth function is frequently used to estimate the rate
of introduction of new technologies. The solar development plans used for



the examples discussed later in this report are based on a 50 GWe goal
of peak power production in 2000 and an initial commercial introduction

date in 1985.

shown in Figure 2.
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Subsequent sections of this report describe a comprehensive materials
assessment methodology and demonstrate its application using an example

photovoltaic development plan.

the following solar technologies.

Solar Heating & Cooling of Buildings o

Agricultural

and Process Heat °

Solar Photovoltaic Conversion

Wind Conversion

The methodology is applicable to any of

Solar Thermal Conversion

Ocean Thermal Energy
Conversion

Fuels from Biomass

Space Satellite Power
Systems



To date, development of the methodology and its associated data base
has emphasized solar heating and cooling of buildings, agricultural and
process heat, and photovoltaic conversion technologies.

SUMMARY

A materials assessment methodology for identifying specific critical
material requirements that could hinder the implementation of solar energy
has been developed and demonstrated. The methodology involves an initial
screening process, followed by a more detailed materials assessment. The
screening portion of the methodology utilized specific screening factors
and associated criteria to help identify potential material problems. The
screening factors have been effective in identifying significant material
problems worthy of subsequent detailed assessment.

The screening process has been computerized on a user-interactive sys-
tem which allows the user to select a specific solar development plan between
the years 1977-2000, a solar design or mix of designs which will accomplish
the solar development plan, and variable decision criteria for each screen-
ing factor. In this way, the user can rapidly evaluate the material and re-
source requirements of various solar development scenarios and, in turn, the
potential impact of these requirements on the technical and economic feasi-
bility of alternative designs.

A detailed materials assessment is required on potential materials prob-
lems which are identified as a result of the screening process. The detailed
assessment considers such materials concerns and constraints as: process
and production constraints, reserve and resource limitations, lack of alter-
native supply sources, geopolitical problems, environmental and energy con-
cerns, time constraints, and economic constraints. Evaluation of these
issues can serve to more specifically identify those material problems of
greatest concern and significance to a specific solar technology. This in-
formation can then be used to develop mitigation strategies for relieving
the material problems such as design changes, R&D programs for material
supply, or material management programs by the government.



The computerized screening process requires an extensive data base,
which includes:
e The engineering and bulk material requirements for various
solar technologies and systems; and
e Basic data on bulk and raw material availability throughout
the world.
Data for 55 bulk and 53 raw materials are currently available on the data
base. These materials are required in the example photovoltaic systems.
One photovoltaic system and thirteen photovoltaic cells, ten solar heating
and cooling systems, and two agricultural and industrial process heat sys-
tems have been characterized to define their engineering and bulk material
requirements. Only the photovoltaic system with two alternative cells have
been fully implemented on the interactive computer system; the other systems
are currently being added to the data base. Other solar systems can be
characterized and their materials requirements added to the data base allow-
ing for subsequent computerized screening. The methodology can be applied
in concept to any solar system which is adequately developed so that it's
material requirements can ge characterized.

The materials assessment methodology has been demonstrated for a photo-
voltaic system utilizing two different cell designs. The screening process
is performed for the various bulk and raw materials involved in this photo-
voltaic system and subsequent detailed assessments are performed for those
materials which appear to be significant constraints.

DESCRIPTION OF CRITICAL MATERIALS ASSESSMENT METHODOLOGY

The technological environment surrounding the development and imple-
mentation of solar energy conversion systems is rapidly changing because
solar technologies are continually evolving. The materials requirements
for the various raw and bulk materials are, therefore, continually changing
also. It was concluded that a structured methodology was required to iden-
tify materials problems of greatest concern. This methodology must be
flexible enough to respond to changes in the solar designs and yet provide



clear documentation of the process by which potential problem materials are
identified.

The quantity of materials needed to implement solar energy conversion
systems is dependent upon many factors including:

e Solar Design Characteristics,
e Solar Growth Rates, and
e Material Production Processes.

In addition, the significance of materials needs can only be deter-
mined by an evaluation of many related production factors such as:

¢ Resource Availability,

e Production Capacity,

o Materials Cost, and

e Materials Production Processes.

In response to these concerns, the methodology diagramed in Figure 3 was
developed. The methodology combines estimates of the materials require-
ments with a development plan for a specific solar design. The resulting
bulk materials requirements are transformed as a result of materials
process analysis to raw materials requirements. These two groups of
materials are then screened to assess the major concerns with materials
usage and to identify potential materials problems. A detailed assess-
ment of materials problems is then performed to evaluate the severity of
each material problem and to identify alternative strategies for managing

a materials usage.

DETERMINING SOLAR MATERIALS REQUIREMENTS

Solar System Characterization - The objective of solar system characteri-
zation is to estimate the engineering and bulk materials necessary to

construct complete solar conversion systems. In achieving this objective,
it is necessary to select "typical" solar designs which are representative
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of each of the solar technologies. Each design is broken down into func-
tional components on which engineering materials needs are estimated. These
functional components comprise the energy conversion system and allow for
rapidly testing the effects of substituting redesigned components. Example
functional components will be discussed in more detail later in this report.
Following identification of engineering materials requirements, the engineer-
ing materials are transformed into their bulk material components.

System Selection - For each solar energy conversion technology a number of

reference systems can be identified. In this study two reference systems
were chosen with the aid of DOE staff. Actual system designs are preferable
to components of systems to assure compatability between design characteris-
tics of each component. Where possible, actual installations are selected
as reference systems. A detailed Tist of engineering material requirements
is then established for the functional components of each system.

Engineering Materials Accounting - Because of the dynamic environment in

which solar designs exist, it was necessary to develop a structured approach
to materials accounting. The approach chosen involves identification of
functional components of all solar systems. Because of the basic similari-
ties among solar systems, two major categories of functional components,
Energy System and Plant Support Systems, have been identified. Each of these
major categories are comprised of a set of functional components.

The energy system category includes operations that are performed on
the input solar energy during its transformation to a more useful form. The
plant support system category includes all functions not dealing directly
with the manipulation of the power being collected. Examples of the sub-
systems within energy system operations are:

e Energy Concentrator e Energy Storage
e Energy Collector e Energy Conditioner
e Energy Transfer e Energy System Controller

o Energy Converter



Examples of plant support subsystems are:

e Personnel Support Facilities

e Plant Utilities

e Plant Operation and Maintenance
e Plant Installation

Further functional detail can be provided by identifying the distinct
components of the subsystems that make up the energy and plant support
systems. For example, the energy collector is composed of the following
functional components:

e Glazing e Frame

e Absorber e Seals

e Energy Transport e Supports

e Insulation e Miscellaneous

e Reflector

Characterizing materials requirements using these functional compo-
nents allows for easily updating a solar design to reflect specific de-
sign changes in one or more components. The engineering materials re-
quirements to construct each of the components in the solar system are
estimated and documented using this materials accounting hierarchy. This
provides the basis for determining the engineering material requirements
of a specified solar system.

Information on engineering materials requirements is obtained from
the component designer or manufacturer and typically is founded on con-
struction drawings with bills of materials. In some cases, component
design drawings are not available or the component design is proprietory.
In those cases schematics, component descriptions, and sales literature
followed by requests for additional information from the manufacturer
have been an adequate substitute for the detailed design drawings.

Transformation of Engineering Materials to Bulk Materials - The detailed

accounting of the materials contained in the components of a solar system



is aggregated by material to identify the total amount of each engineering
material used. It is necessary that we convert these engineering materials
requirements into bulk materials requirements. This is accomplished by a
transformation matrix that converts an engineering material into its con-
stitutent bulk materials. The coefficients in this conversion matrix were
based on the actual proportions of each bulk material present in each engi-
neering material. For example, electrical grade 60-40 solder actually con-
tains 63% tin and 37% lead.

While bulk materials used directly by solar technologies are identi-
fied during the solar system characterization as previously described, addi-
tional bulk materials may be used as process inputs in the production of
other bulk materials required by the solar designs. These secondary bulk
materials are identified during the process characterization phase, described
later in this report, and are also included in the assessment methodology.

Output Normalization - Each solar system has associated with it a design

energy output as estimated by the designers. Materials requirements neces-
sary to achieve a specified energy output are attained by scaling using
multiples of the designed system. For instance, the materials requirements
for 100 Kw of photovoltaic power are assumed to be four times those for a
single 25 Kw photovoltaic system. Estimates of materials requirements de-
veloped in this way are sufficiently accurate for purposes of materials

problems assessment.

The peak output of most solar systems is given as part of the system
design, except for the residential heating, cooling and hot water systems.
In these cases, computer codes can be used to determine the peak energy
output of each system to be studied.

Since the energy output of solar energy systems is directly dependent
on insolation and weather, a normative or typical United States location is
assumed.,

10



Determining Raw Materials Requirements - Solar system characterization pro-

vides the bulk materials requirements of a solar system, as described in
the previous section. Process characterization is required to determine
the raw material requirements for producing the bulk materials used by a
solar system. The most prevalent process is selected for producing each
bulk material and the raw material requirements of this process are estimated.

Bulk Material Process Selection - For each bulk material there may be sev-

eral alternative production processes. Each process may use different
process inputs as either raw materials or bulk materials. Only those pro-
cesses in current use by industry and producing the majority of the supply
of a bulk material are considered in this report.

Once a process for producing a particular bulk material has been selec-
ted, the following process inputs are estimated:

e Secondary Bulk Materials
e Raw Materials

e Energy
° Capita]
e Labor

The procedure for determining raw material requirements is shown in
Figure 4. A1l important direct inputs needed to produce a bulk material
are identified. If the process input is a raw material such as an ore,
further expansion is not required. However, if the input is another bulk
material, the inputs to produce this bulk material must be estimated. This
procedure is carried out until the most important inputs are broken down
into their raw materials requirements. The quantities of raw materials
used are accumulated and represent the raw materials necessary to acquire
the initial bulk material.

Secondary and Tertiary Materials Characterization - The secondary and ter-

tiary material inputs include a mixture of raw materials and bulk materials.
The quantity and type of secondary bulk materials going into the production

11
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of a metric ton of primary bulk material is estimated. The process of
characterizing the secondary and tertiary materials is terminated when the
amount of a secondary or tertiary bulk material required is small in com-
parison to the other materials. The exact 1imit used to terminate further
process characterization is judgmental at best and varies depending on the
material.

Example Characterization for Copper - To illustrate the procedure for process

characterization, the bulk material copper is evaluated. Copper can be
recovered by several processes; however, the most used processing system
consists of mining, beneficiation, smelting, and refining. The raw materials
required to produce copper, including direct, secondary, tertiary, and higher
order inputs, are estimated as shown in Figure 5. The end product of this
procedure provides appropriate conversion factors to convert bulk materials
requirements into raw materials requirements. See Appendix D-1 for the raw
materials requirements for producing one metric ton of copper.

SCREENING SOLAR MATERIALS

The solar system characterization and process characterization, as pre-
viously described, are key elements of the material assessment methodology.
Specifically, these elements provided the basis for quantitative estimates
of the bulk and raw materials necessary to attain a specific solar market
penetration scenario using a particular solar technology. In this section
we will discuss screening bulk and raw materials to separate potential prob-
Tem materials from those materials that are unlikely to constrain solar
implementation.

A significant number of materials are involved in the design and con-
struction of solar technologies. Because of the Targe number of materials
and the level of effort necessary to accomplish a detailed assessment of
each material, it was necessary to develop screening that would focus mate-

rial research on potential problem materials.

13
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The screening process involves an automated procedure for comparing
the identified bulk and raw materials to a series of screening factors.
These factors are selected because of their relationship to the general
availability and economic cost of materials. Their selection is fundamen-
tal to the degree of validity and insight obtained from materials screen-
ing. Different factors have been selected for bulk materials and raw mate-
rials to identify the broad spectrum of materials problems inherent in using
large quantities of these materials.

Bulk Materials Screening - Two major concerns exist relative to the use of

bulk materials in the development of solar technologies. The first concern
is relative to the existing production capacity for bulk materials and the
ability of the industries producing bulk materials to increase production
sufficiently to provide for forecasted use of solar energy. Secondly, the
economic feasibility of utilizing bulk materials in solar designs is of
particular importance. Therefore, bulk materials are screened relative to
each of these concerns.

A set of five screening factors were developed to identify materials
availability problems.

e Percentage of current consumption supplied as a byproduct

e Percent of current consumption that is imported

e Percent world consumption supplied by the largest supplier
country outside the U.S.

e Production growth rate necessary to meet forecasted world
consumption and solar requirements

e The largest single year market share consumed by solar over
the period of the solar development plan

The economic feasibility of using bulk materials in the construction
of solar devices is measured in terms of the contribution to the capital
cost per unit of peak power output by the solar device. This index of eco-
nomic feasibility is meant to identify those bulk materials representing a
significant cost when compared with the peak power generation of the solar

15



systems in which they are used. To avoid the additional complexity and
expense of forecasting future materials prices, the assessment of economic
feasibility is based on current materials prices. It is apparent that
those materials representing significant contributions to the cost of con-
structing solar technologies, using current materials prices, are likely to
be the primary contributors to the cost of installed peak power in the fu-
ture. The screening factors for bulk materials screening and their associ-
ated problem areas are shown in Table 1.

Raw Materials Screening - Following the identification of potential prob-

lems relative to using bulk materials in solar designs, it is necessary to
assess the potential problems that may exist relative to the consumption
of raw materials needed to produce the bulk materials. In using raw mate-
rials three major concerns have been identified. They are as follows.

e Production Capacity
e Reserves and Resources
e Economic Feasibility

Four factors have been identified relative to the production capacity
concerns in the use of raw materials to produce bulk materials.

e Percent of current consumption that is imported

e Percent of world consumption supplied by the largest
supplier country outside of the U.S.

e Production growth rate necessary to meet forecasted
world consumption and solar requirements

e Largest single year market share consumed by solar
over the period of the solar development plan

These factors are designed to identify potential problems that may exist
in expanding production capacity of raw materials in order to meet the ma-
terials requirements of solar. It is important to notice that expanding
production capacity of raw materials requires significant lead times and
involves complex mining and exploration activities.

16



TABLE 1. Important Factors for Screening Bulk Materials
Major Important Potential
Concern Factors Problems
Production Percent of Current Consumption Materials Availability Limited
Capacity Supplied as a By-Product to Primary Material Production
Increasing Capacity may not be
Technically or Economically
Feasible
Percent of Current Consumption Uncertain Long-Term Availability
that is Imported Potential for Geopolitical
Problems
Potential Transportation
Problems
Percent of World Consumption Potential for Cartels
Supplied by the Largest Supplier POSSib] s s
: e Monopolistic or
Country Qutside of the U.S. 0ligopolistic Markets
Price Uncertainty
Production Growth Rate Necessary Significant Time Lags to
to Meet Forecasted World Con- Increase Production
sumption and Solar Requirements Possible Constraints From:
e Capital
e Labor
e Energy
s Raw Materials
The Largest Single Year Market - .
Share Consumed by Solar Over the Ei:gsmgga?ﬁ1§1$Za2fM2yMg§$2;a]
E$£;od of the Solar Development Market Disequilibrium
Economic The Contributions to Capital A Materials Use May be Uneco-
Feasikility Costs per Unit of Peak Power nomical when Compared with the

17
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Four factors were also selected to provide an assessment of potential
reserves and resource problems.

e Percent of world reserves that will be consumed by the year 2000
¢ Percent of U.S. reserves that will be consumed by the year 2000

e Percent of world resources that will be consumed by the year 2000
e Percent of U.S. resources that will be consumed by the year 2000

These factors provide a comparison of estimated world and U.S. consumption,
including the materials requirements for solar development, with current
estimates of U.S. and world reserves and resources. This comparison pro
vides an indicator of raw materials availability and can help to identify
materials with uncertain or unknown supplies.

In discussing issues relative to reserves and resources it is impor-
tant to understand the distinction made between these two terms. The rela-
tionship between reserves and resources is shown in the Mineral Resource
Classification System developed jointly by the U.S. Geological Survey and
the U.S. Bureau of Mines (see Figure 6).
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This diagram illustrates changing qualities of resources in terms of
increasing geologic assurance and increasing economic feasiblity. In this
two-dimensional diagram reserves are represented by the shaded area. In
this context reserves are defined to be that portion of the resource that
is located in identified deposits and can be economically extracted given
current technology and mineral prices. This diagram is a static represen-
tation of a dynamic system where the quantity of reserves is continually
changing due to changes in extraction and mining technology, fluctuations
in market prices, and also the extent ot exploration.

The last major concern, economic feasibility, has associated with it
a factor conceptually similar to the assessment of economic feasibility
used in screening bulk materials. In this assessment the current cost of
each raw material will be compared with the estimated peak power of the
solar system to determine the contribution of direct raw materials costs
to the cost of installed solar power. This factor will identify those
raw materials representing significant contributions to the cost of in-
stalled solar power and will help to identify those raw materials genera-
ting concerns relative to economic feasibility of solar technologies.

The screening factors for raw materials and their associated problem
areas are shown in Table 2.

Threshold Criteria Levels - Each of the factors for screening bulk and raw

materials can be measured quantitatively. This quantitative measure allows
the use of threshold criteria to readily identify those materials and fac-
tors representing potential problems and requiring more detailed assessment.

The process of selecting specific threshold criteria for each factor
involves a combination of both subjective judgment and known limitations
inherent in using bulk and raw materials. The appropriate threshold cri-
teria on a particular material will depend on the environment. surrounding
the production and use of that material. For this reason it appears that
the concept of a threshold criteria may be specific for a particular mate-
rial-factor. For the examples presented later in this report, generic
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TABLE 2.

Major
Concerns

Important
Factors

Important Factors for Screening

Raw Materials

Potential
Problems

Production

Percent of Current Consumption

Uncertain Long-Term Availability

Capacity That is Imported Potential for Geopolitical
Problems
Potential Transportation Problems
Percent of World Consumption Potential for Cartels
Supplied by the Largest Supplier p s .
- ossibility for Monopolistic or
Country Qutside of the U.S. Oligopolistic Markets
Price Uncertainty
Production Growth Rate Necessary Significant Time Required to
to Meet Forecasted World Consump- Increase Production
tion and Solar Requirements Possible Constraints from:
Capital, Labor, Energy, & Raw
Materials
Largest Single Year Market Share . . e
Congumed bygSO1ar over the Period Possible Market Disequilibrium
of the Solar Development Plan and Price Instability
Reservegza) Percent of World Reserves that Economically Recoverable World
and will be Consumed by the Year Reserves may not be Adequate
Resources 2000 to Supply the Needs of Solar and
Prices may Increase
Percent of U.S. Reserves that Economically Recoverable U.S.
will be Consumed by the Year Reserves may not be Adequate to
2000 Supply the Needs of Solar and
Prices may Increase
Percent of World Resources that Sufficient Raw Materials may not
will be Consumed by the Year be Identified, thus Requiring
2000 Exploration
Percent of U.S. Resources that Sufficient Domestic Resources
will be Consumed by the Year may not be Available thus
2000 Requiring Increased Imports or
Exploration
Econonmic The Contribution to Capital Current Raw Material Costs may

Feasibility

Costs of Raw Materials per Unit
of Peak Power

be Significant when Compared
with Peak Power Generation

(a) See Figure 6 for a definition of reserves and resources.
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threshold criteria were derived on each factor and are meant to be applied
to all bulk and raw materials used in the examples.

Because of the subjective aspects of threshold criteria, we have de-
signed the process of screening to allow for parametric input of the desired
threshold criteria limits. This provides users of this materials screen
with the capability to change threshold criteria values and observe the
effects on the identification of materials problems.

For the purpose of the examples presented in this report we have es-
tablished the threshold criteria values shown in Table 3. For each factor
a specific quantitative threshold 1imit was chosen and the reasons these

values were selected are also shown in Table 3.

TABLE 3. Bulk Material Threshold Criteria

Factor Value Selected Reason Selected
Percent of normal supply 50% [f a Targe percentage of nor-
derived as a by-product mal supply is derived as a

by-product, it may be extreme-
ly difficult to expand produc-
tion. In our judgment when
50% of normal supplies are
dependent on the production

of a primary material, ones
ability to expand production
significantly is uncertain.

Percent of current consump- 50% When a large percentage of a

tion that is imported. material originates outside
of the U.S., the uncertainty
surrounding future materials
consumption resuiting from
imports may not represent a
problem if all imports do not
originate in a few countries.
However, the 50% Tlevel was
selected as a general level
of concern.

Percent of worid consumption 35% Price leadership and the pos-
suppiied by the largest sup- sibilities of cartels and
plier country outside of the geopolitical problems are
uU.sS.
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Factor

TABLE 3.

Value Selected

(continued)

Reason Selected

Production growth rate
necessary to meet fore-
casted world consumption
and solar requirements.

The largest single year
market share consumed by
solar over the period of
the development plan.

The contributions to
capital costs per unit
of peak power.

10%

10%

$50/ KWe

important when approximately 35%
of current supply originates in
a single non-U.S. supplier.

A sustained compound growth rate
of 10% per year is unusual for
most bulk material production
processes and frequently puts
severe pressures on capital, la-
bor, and the environment.

When a single consumer of a ma-
terial represents 10% of the world
consumption, the possibility ex-
ists to significantly influence
market prices.

Current capital costs for thermal
power stations are reported to be
about $1000/KWe. We have estima-
ted that if bulk material costs,
using 1976 prices, are more than
5% of current capital costs or
$50/KWe, the economic feasibility
of the material's use is in ques-
tion.

A comparable set of threshold criteria have been developed for identi-
fying potential raw materials problems.

For each factor previously discussed

the chosen value and the rational for selecting those values are shown in

Table 4.

TABLE 4.

Factor

Raw Material Threshold Criteria

Value Selected

Reason Selected

Percent of current consump-

tion that is imported.

50%

22

When a large percentage of the
material originates outside of
the U.S., the uncertainty sur-
rounding future materials prices
and availability is increased.

Fifty percent of current materials



Factor

TABLE 4.

Value Selected

(continued)

Reason Selected

Percent of world consump-
tion supplied by the Tlar-
gest supplier country
outside of the U.S.

Production growth rate
necessary to meet fore-
casted world consumption
and solar requirements.

Largest single year market

share consumed by solar
over the period of the
solar development plan.

Percent of the world re-
serves that will be con-
sumed by the year 2000.

Percent of the U.S. re-
serves that will be con-
sumed by the year 2000.

60%

7%

10%

300%

400%
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consumption resulting from imports
may not represent a problem if all
imports do not originate in a few
countries. However, the 50% level
was selected as a general level of
concern.

Raw materials suppliers tend to be
larger &, therefore, control a lar-
ger percentage of the market than
bulk material suppliers. When a
single supplier controls 60% of
world consumption, raw materials
availability is a potential problem.

The time required to develop raw
material supplies is from 5-20
years and a 7% compound growth
rate appears to be an appropriate
level of concern,

When a single consumer of a mate-
rial represents 10% of world con-
sumption, the possibility exists
to significantly influence mar-
ket prices.

A frequently used rule of thumb

for appropriate reserve margins

is 10 years at current consumption,
With respect to using world re-
serves, we anticipate possible
problems if we wish to consume

3 times known reserves over the
next 20 years. This represents
planned consumption of 300% of
known world reserves.

Because U.S. reserves are much
more certain, extensive use of
reserves, up to 4 times the cur-
rently known reserves, may not
be a problem.



TABLE 4. (continued)

Factor Value Selected

Reason Selected

Percent of world resources 200%
that will be consumed by
the year 2000

Percent of U.S. resources 300%
that will be consumed by
the year 2000

The contribution to capi- $50/KWe
tal costs of raw materials
per unit of peak power

The definition of reosurces in-
cludes presently uneconomic de-
posits and, therefore, consump-
tion of a larger percentage may

be a problem. A reasonable esti-
mate appears to be in the range

of 200%. Thus, if we plan on con-
sumption of 2 times currently
known resources we anticipate raw
material availability problems.

U.S. resources have less uncer-
tainty than do world resources.
We estimate that up to 3 times

currently known deposits can be
consumed by 2000.

Bulk materials costs of $50/KWe
are likely to be a direct problem
&, therefore, a direct cost con-
tribution of $50/KWe from a raw
material will certainly be a prob-
lem. Arguments to lower this val-
ue appear to have validity, but
the actual amount of the reduction
in this Timit that is reasonable
is not known.

These threshold values are meant as general guidelines and should not

be taken as absolute decision criteria.

Sensitivity analysis will reveal

those materials that are close to exceeding one or more threshold levels

and the parametric nature of the current threshold values allows for rapidly

changing these criteria and’observing the effect in terms of potential mate-

rials problems identified.

The next section of this report discusses an interactive computer sys-

tem developed to provide rapid feedback to decision makers concerning the

effects of various assumptions.

Interactive Computer System for Screening - An interactive computer system

was designed to provide for rapid screening of bulk and raw materials and

to allow for easily changin the materials requirements as solar designs are
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developing. This computer system also provides a capability to test the
sensitivity of materials problems to assumed plans for commercialization and
also to provide a dynamic environment in which the effects of alternative
threshold levels can be explored. A functional diagram of the interactive
computer system is shown in Figure 7.

The user-supplied input includes the selection of a specific solar de-
sign which can be changed to represent a new or improved solar system. A
projected solar development plan and the threshold levels are also specified
by the user.

The user-supplied inputs are merged with a solar materials data base
to provide an assessment of the materials used on each of the screening fac-
tors. The major components of this data base include the following.

e Solar design data, including engineering and bulk material re-

quirements for specific solar systems (see Appendices A and E
for solar systems which have been characterized to date).

e A bulk materials data base with information on bulk materials
usage (see Appendix B).

e A raw materials data base with information on raw materials
usage (see Appendix C).

e A conversion matrix resulting from process analysis that

provides factors for bulk to raw materials conversion (see
Appendix D).

This materials data is combined with a solar development plan to deter-
mine materials requirements over time and to evaluate each material on each
factor. Potential material problems are identified by application of the
user-supplied threshold criteria levels. It is important to examine differ-
ent levels of threshold values; since actual performance values for each
materials on each factor is reported, the senstivity of a particular thresh-
old value is apparent.

These results provide users with a rapid screening of potential bulk and
raw material problems and an identification of the material requirements neces-
sary in order to support the solar development plan. Based on this output, a
detailed assessment of potential problem materials is initiated to determine
the severity of each potential problem identified and to develop strategies
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for mitigating potential material problems in the implementation of solar
technology.

ASSESSMENT OF POTENTIAL MATERIALS PROBLEMS

Many possible materials problems are identified as a result of screen-
ing. Some of the important problems are as follows.

e Process and production contraints
e Reserve and resource limitations

e Lack of alternative supply sources
e Geopolitical problems

e Environmental and energy concerns
e Time constraints

e Economic constraints

Each of the above problem areas can have a significant impact on the techni-
cal and economic feasibility of a solar design. Some of these problem areas
are specific to bulk or raw materials while others can afflict both forms of
materials.

An assessment of bulk materials problems includes an analysis of current
U.S. and world production capacity, future cost trends, level of imports and
stockpiles, and the potential that exists for substitution and recycle. In
assessing raw materials problems it is necessary to analyze geologic availa-
biljty in addition to the areas of concern analyzed for bulk materials. For
this reason, problem assessment is divided into two categories: (1) those prob-
lems relating to bulk materials and (2) those relating to raw materials.

The factors used to identify potential materijals problems are shown in
Figure 8.as a series of questions involving the level of each factor when
compared to the threshold criteria. A potential problem is identified if
any of these questions is answered in the affirmative. The assessment of
each of the potential problems involves a review of each of the concerns

Tisted in the boxes under each question.
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EXAMPLE ANALYSIS OF POTENTIAL MATERIALS PROBLEMS

The assessment methodology is demonstrated in this section for a photo-
voltaic system. Two alternative photovoltaic cells will be used in the sys-
tem built by the Massachusetts Institute of Technology-Lincoln Laboratory.
This system (see Figure 9) produces power to pump irrigation water to 80 acres
of corn and soybeans at the University of Nebraska Field Laboratory near Mead.
The unit's peak power output of 25 KW makes it the largest photovoltaic power
system in existence today.

—— = J3-PHASE

—» POWER FOR
—=  SECONDARY
USES
SUNLIGHT
+
BATTERY ~—
FOR — :
ENERGY 3 PHASE 3 PHASE
STORA — DC.TO AC.
Cf— INVERTERS | MOTOR

[ WATER TO
= IRRIGATION

("’ SYSTEM

PANELS

FIGURE 9. Massachusetts Institute of Technology-Lincoln Laboratory and
University of Nebraska at Lincoln Photovoltaic System at Mead,
Nebraska

(SOURCE: MIT-Lincoln Laboratory)

Photovoltaic System Design - A total of 28 flat panels, each 8 feet by 25
feet, comprise the solar cell array. The array output (6.2 amps at 150
volts per panel) is fed to two buildings. One houses the system control
equipment and inverters to convert the direct current (DC) produced by

the solar cells into alternating current (AC) at 220 volts to power the
irrigation pump motor and other loads. The other building houses 38 large
lead-acid storage batteries capable of storing 85 KW-hrs,
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The system is a prototype of future photovoltaic systems with two
exceptions. The solar panel supports were designed to be tilted and may
be more massive than the fixed supports envisioned in future systems. Also
the technology of photovoltaic cells is advancing towards cells which are
thinner and more efficient.

The materials requirements for 13 alternative photoveltaic cell designs
have been assessed (see Appendix A). Two of these cell designs are being
used in this report as an example assessment of the materials requirements
and potential problems for a photovoltaic system,

One example uses silicon n/p single crystal cells thinner than those
currently in production. The cell efficiency assumed is 10.4%, which is

identical to the cells actually installed in the system at Mead, Nebraska.
The engineering and bulk materials required to build 25 KW of peak power

output are shown in Table 5.

Photovoltaic Development Plans - For this example, the solar development

pYan begins in 1985 and increases at an exponential rate achieving an
installed on-1ine capacity of 50 GWe by 2000.

Achieving this goal of 50 GWe by 2000 for photovoltaics will probably
require the development and commercialization of several photovoltaic
designs. For the purposes of this example we have assumed that either of
the cell designs may achieve the goal. In the future, it will be necessary
to examine more complex solar development plans involving several designs.
The current assessment methodology can accommodate solar development plans
involving several solar technologies and designs.

MATERIAL SCREENING AND PROBLEM IDENTIFICATION

Bulk Material Screening - The two example designs, silicon n/p single crys-
tal and the GaAs-MIS, will be screened to first identify those bulk mate-
rials that represent potnetial problems and then to identify those raw

materials that may hinder the development of these designs.
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TABLE 5. Summary of Materials Contained in the MIT-LL
and UNL Photovoltaic System at Mead, Nebraska

Modified using state-of-the-art silicon
n/p single crystal cells - 10% efficiency,
producing 25 KW of peak power

* Engincering

“Alloy" as Used Quantity Bulk Materiai Constituents Quantity
in This Systewm  Metric Tons f fayincering "Ailoy»  Metric Tons
Concrete 101. Cement ¥’
Sand 2nd Gravel 29.3
Stone §7.6
Carbon Steel 5.89 Iron 5.85
Manganese 0.04
Silicon Steel 0.417 Iron 0.404
- Silicon 0.013
6061 Aluminam 13.9 Alurinum 13.6
Magresium 0.133
Silicon 0.033
Ferrochrome 0.04
Copper 0.033
Polyvinyl Chloride 0.024 Polyvinyl Chloride 0.024
Aluniiaum 2.23 Aluzinum 2.23
Copper 1.07 Coppar 1.07
Plywood 0.503 Softwood 0.493
Adhesive-Phenol Fermald. 0.010
Lead-0.35 Celcium 1.4% Lead 1.44 4
Calcium 4.32 x 10
Lead-5% Antimony 1.20 Lead 1.14
Antisony 0.06
Ssulfuric Acid 0.728 Sulfuric Acid 0.728
Silicone 1.86 Silicone . 1.86
$ilicon 2.91 x 167° Silicon 2.91 x 10°°
Phosphorous 2.59 x 1077 Phosphorous 2.59 x 1077
Boron 2.26 x 157°  Boren 2.26 1 107°
Titanjum 2.26 x 10°%  Titenium 2.26 x 1078
Palladium 2.93 x 1678 Patlagium 2.93 x 1078
Silver £.55 x 1070 Silver 6.55 x 107
Tantalun 1.68 x 1074 Tantalum 1.68 x 1974
Teflon 3.26 x 107 Tefion 3.26 x 1073
Stainiess Steel 1.24 Iren 0.818
Ferrochrome 0.322
Nickel 0.033
Plastics and . 9.76 x 10-3 Plastics and Lanirates 9.76 x 10‘3
taminates
Rubber 2.49 x 1072 Ruster 2.49 x 1072
60-40 Solder 2.36 x 102 Tin 1.49 x 1072
Lead 0.87 x 10
FRP Polyester 1.08 Polsester 0.57
. Fiberglass 0.51
Soda Lime Glass 0.8 x 1070 Sods Lime Glass 0.63 x 1073
Fiberglass ool 0.898 Fibarglass 0.838
Acrylic 0.053 Acrylic 0.033
Pherolic 0.015 Phenolic 0.015
Epoxy 9,07 x 10°¢ Epoxy 9.07 x 107
Polypropylene 0.207 Polypropylene 0.207
Varaish 6.80 x 10 Alkyd Resin 6.80 x 1033
Tung 0i1 10.2 x 10_3
Linseed 011 3.4 x10
zinc 0.68 x 1073 ZTine 0.68 x 107
Electrical 0.34 x ]0'3 Porcelain 0.34 x 10‘3
Porcelain .
Epoxy/Glass 0.24 x 1073 Epoxy 0.084 x 1073
Laminate Fiberglass 0.156 x 10
Nylon 0.5 x 1073 Nylon 0.5 x 1073
Micarta 9.16 x 1071 Phenoltc £.58 x 1074
Cotton Fibers 3.21 x 10_,
Kraft Fibers 1.37 x 10
Polyester 4.08 x 107 Polyester 4.08 x 1073
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By applying the same development plan to both of these photovoltaic
systems, one can identify those materials that represent significant prob-
lems if the DOE goal of 50 GWe in the year 2000 is achieved by commercial-
ization of either silicon n/p single crystal or the GaAs-MIS. While this
is an unrealistic scenario for achieving the photovoltaic goal, it is use-
ful for demonstrating the power of this methodology as a tool to provide
early warning of materials problems and to impact on future solar R&D
programs.

Sample output from the computer system analysis is shown in Table 6
for the silicon n/p single crystal example. Bulk material requirements
and an evaluation of each bulk material on each of the important factors
relative to bulk materials usage is also shown. The specified threshold
levels at the top of each column are used to identify potential material
problems. Used as decision criteria the threshold values identify prob-
lems with an asterisk (*).

The GaAs-MIS example results are shown in Table 7. Many of the mate-
rials that represent potential problems to the silicon n/p cells are iden-
tified as potential problems in the GaAs-MIS design.

By inspection of each of the materials on which potential problems
have been identified (Tables 6 and 7), we have made a preliminary grouping
of materials into three categories. The first category contains those mate-
rials whose technical availability or economic feasibility appear to have
significant impact on commercial implementation of the solar designs. The
second category contains those materials on which potential problems have
been identified; however, as a result of a brief review, these problems
do not appear to be of sufficient severity to impact significantly on
the implementation of solar designs. The final group contains those mate-
rials on which no apparent problems have been identified.

The results of grouping these materials problems are shown in Table 8.
Each of the materials in Group "A" represent potential problems of suffi-
cient severity that additional, more detailed assessment is necessary in
order to determine the significance of the problems identified and to
recommend strategies for mitigating these problems. Stainless steel has
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TABLE 6.

SOLAR SCENARIO:
INTROICTION YEARR

COMMULATIVE CAPACITY z@e0

MATER AL
FACTORS USAGE
MT.

THRESHOLD LEVELS —--
MATERIALS

ALLIMTHLIM 21724998
FNT [MOHY 119769,
EORON a.
CEMENT 95
COPPER 2212600,
GLASS. FIBERS 22115098,
GLASS, SODA LIME 1368
IROH , STEEL 12513499,
LERD 5155000,
LIME BE28.
MAGNES TLIM 279500,
FERROMAMGANESE 70E50
PALLAD LM 6.
PHOSPHORDUS 1.
PORCELAIN 658,
SAND & GRAYEL  S8534996
STONE 115054992
SILICON 256720,
STLYER 1218,
SULFURIC ACID 145260
TEHTALLM 26
TTH 2I7E.
TITANIUM 5,
2IHC 1260,
STAINLESS STEEL 2472350
FERRUCHROME 37580
LINSEED OIL £330,
BCRYLIC 18EHRG.
ALKYD RESIN 126906
EFOXY RESIN 1982
GLUE, PHENOL, FORM 209128
LUMEER, SOFTWOOD 985960
PHEMOLIC RESIN 21766
PLASTIC, RESIN 19520
POLYESTER RESIN 1152958
PYC PLASTIC 4S0AE
RUBBER, SER 49560
SILICOMES 272BA50
TEFLGN €528,
NYLON 1636,
POLYPROPYLENE 414806
COTTOM FIBERS £
ERFAFT FIBERS 275.
TUNG 0TI 20480,

- 1985,
- T Sa. GHE
PERCENT
SUPPLIED AS
BY-PRODUCT
sa.

168, *
1

3

188, *
1o *
H. *
108, *

[ x]
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TABLE 7.

SOLAR SCENARIC:
INTRODUCTION

COMMULATIVE CAPACITY 2898

FACTORS

THRESHOLD LEVELS
MATERIALS

ALUMINUM

ANT IMONY
ARSENIC

CEMENT

COPPER

GALL IUM
GERMAMIUM
GLASS, FIBERS
GLASS, S0DA LIME
GOLD
IRON , STEEL
LERD

LIME

MAGHES TUM
FERROMANGANESE
PORCELAIN

SAND & GRAVEL
STONE

SILICON
SULFURIC ACID
TANTALLUM

TIN

TUNGSTEN

ZINC

STAHIMNLESS STEEL
FERROCHROME
LINSEED OQIL
BCRYLIC

RLKYD RESIN
EPOXY RESIN
GLUE, PHENOL , FORM
LUMBER. SOF TWOOD
PHENOLIC RESIN
PLASTIC, RESIN
POLYESTER RESIN
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TABLE 8.

Group "A"
Potentially
Severe Problems

Group "B"
Problems
Identified

Potential Bulk Materials Problems

Group "C"
No Problems
Identified

Aluminum
Antimony
Copper
Gallium
Germanium
Iron & Steel
Silicones

Arsenic
Boron
Ferrochrome
Ferromanganese
Gold
Glassfiber
Lead
Palladium
Silver
Tantalum
Tin
Titanium
Tungsten
Tung 0i1

*Stainless Steel

Those materials
listed in Tables

6 and 7 not listed
in Group "A" or "B"
at the Teft

*Stainless steel was selected for Group "B" because it nearly exceeds
several threshold Tevels.

been included as a Group "B" material because it nearly exceeds the thresh-

old criteria on several important factors although it does not exceed the

threshold on any screening factor.

Raw Materials Screening - For all bulk materials used in the construction

of silicon n/p and GaAs-MIS systems the raw materials needed to produce

these bulk materials are determined from process analysis. Sample output

from screening these raw materials is shown in Tables 9 and 10, along with

the estimated materials usage to construct 50 GWe of either design.

Table 9 presents the results of screening raw materials used in the

silicon n/p single crystal system.
are required to construct 50 GWe of this system.

Significant quantities of raw materials
Antimony ore and bauxite

are possibly significant problems from a reserves and resources perspec-
tive. A rather large quantity of salt (120 million MT) is required to

produce the required aluminum.

This could represent an important contri-

bution to the installed cost of constructing the design.
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TABLE 9. Raw Material Requiremerts for Silicon N/P Single Crystal

SOLAR SCENARIO:

INTRODUCT ION YEAR - 1985,

COMMULATIVE CAPACITY 28898 - 58, GWE

RAi WORLD MAX. ¥ FOR % U.S. 2 oU S ¥ FROM % HORLD % WORLD, PRESENT NET
FACTORS MATERIAL PRODUCTN SOLAR IN RESERVES RESOURCES LARGEST  RESERVES FRESOURCES COSTS IN  PERCENT
USAGE GROWTH ONE YEAR CONSUMED COMSUMED COUNTRY — CONSUMED CONSUMED — $/KW OF  IMPORTED
¢18B0OMT > RATE WORLD BY 2688 BY 20988  NON-US BY 2o@8  BY 2890 SOLAR

THRESHOLD LEVELS — 7% e 18, 459, 268, €0. 299, 289, 54, 509

MATERIALS
ANT IMONY ORE 113 6. 18. * 4329 o+ 1297 % 22, 78. 6. ) S5,
ASBESTOS 1 3 2. 541, * 28. 34, 191 139, 8. S
BRAUXITE 161428, 6. 12+ 2614, = 349 * =8, 15, 3 45, a4
BORATE a1 5. =3 24, a. 5@. 16. . i %
BUTANE 56. 1. g 20, 2. 10, 12 1 a 5
CHROMITE 725, 4 2. 4528, * 2239, 27. 17. 4. 3 €6
CLAYS 4399, 2 8. a. . 18. g. é. 18 @
COAL 590475, 1 8. 6. 1 6. 13, 1 23 1¢
COPPER ORE 23@1. 3 3 18%. 45, 12, 5@. 27, 32, 27
FELDSPAR a. 3 . 5. a. 18. 1% a. @. 5
FLUJORSPAR 1997, 5. 2. 360, 154 22. 199, SE. . Sa.
GYPSLN 1356, 3. a. 175. a. 1. 11 8. 8. 37
IRCN ORE 15334, 1 8. 17 2 11 G k3 & 35
LERD ORE 5154, 5. 13 * g7. 4% 11. 1039, 11, 52 % 32
MANGANESE ORE 212, 2 . 108, 4. 24. 18, 11 1. 153
METURAL GAS 25732, 5. 8. 246. 277 3. 93 k) @ 5
MICKEL ORE T 4. 3. Sk 29, 37 53. 23 23, 75
NITROGEN, F IXED 1, q. a. a. . S @. @. a. 18
PETROLEUM 3717 3 a. 562. * 216, 22. 116, 6. S, 4
PHOSPHATE ROCK é. 6. a. 4%, a. 1% 29. . a. )
PROPANE 550, 1 @ 192, 23 19 136. 11, . 5
RUTILE 8. 1 a. 221 g1, 93, # 44. i7. a. 15@
SALT 12228, 6. 4. . 8 5. a. . 43, 3.
5??%&%5@%%5 67895, 4. ) . 8. &, B. g. 3 £]
S 1, 4. 1. 73, 245, 14, 2098 56. 2. 9.
STOME 115@55. 3 a a. a. 3. . 8. 6. g
SULFUR 85683, 4. 2 95. 2. 15 90, 8. 5. 28
TANTALUM ORE e . 5. 2. 100.. 1758, * 37. 55, 25, 9. 15
TIN ORE 30, 2 2 4404, + 1321 * 29, 73 Z0. 5. 65
ZINC ORE 21 3. 8. 146, 33 135, 118 c. g. &g,
COTTON 1 2. 8. . . 16. 9. g. . i
FLAX SEED 29, 1. 8. . a. 25. g. a. 9. 28
MILK BYPRODUCTS a. 3 8. Q. a. 20. Q. a. 8. 1
LUMBER 10E5. 1. 8. 8. 8. 12, g. 8. 3. 18
SEA WATER 206315, 8. &) 0. 6. a. a. . o. a
SNYBEAN 33, 3 ) @. a. iz. 8. 8. 8. a.
TUNG NUTS 41 1. 7. g. a. 0. * @. . 1 <)
WATER 470326, 3. 8 17. ) 8. 3 a. g. .
WHEAT 6. 3 2. B. 8. 18, o. 8. ) @
MISE. 924, a. B. a. a. . g, g. g, g.
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L IMESTONE 134785 3. 7. B. 8. 5. 8. 8. 5. 2
CU_ANGDES LIMES 12, €. 2. 161, 44. 1z, 43, 23, g. 37
COAL, BY PROD 1495350, 2. 6. 5. 1, 3 13 1 8. 18,
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TABLE 10. Raw Material Requirements for GaAs-MIS Thin Film Cell
19

SOLAR SCEMARIC:
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The raw material requirements to construct 50 GWe of the GaAs-MIS
system are shown in Table 10. Most of these requirements are lower than
those for the silicon system; however, bauxite and zinc byproducts repre-
sent bauxite and zinc ore production required to produce gallium and ger-

manium and may represent problems in the development of this system if
they exceed bauxite requirements for the primary material, aluminum,

A summary of potential raw materials problems identified in Tables
9 and 10 is shown in Table 11. Each of the materials in Group "A" repre-
sent potentially severe problems and will be discussed in more detail in

the following section.

TABLE 11.

Raw Material Screening Results for
the Two Photovoltaic Designs

Group "A" Group "B" Group "C"
Potentially Problems No Problems
Severe Problems Identified Identified
Antimony Ore Arsenic Trioxide Those materials listed
Bauxite Asbestos in Tables 9 and 10 not
Bauxite Byproduct Chromite listed in Group "A" or
(Gallium Source) Fluorspar "B" to the left.
Zinc Ore Byproduct Gold Ore
(Germanium Source) Lead Ore

Manganese Ore
Natural Gas
Nickel
Petroleum
Rutile
Tantalum Ore
Tin Ore

Tung Nuts
Zinc Ore

ASSESSMENT OF MATERIALS PROBLEMS

The screening process rapidly identifies potential bulk and raw mate-
rials problems that may hinder the implementation of the example photovol-
taic designs. Once materials problems are identified, a more detailed
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materials assessment provides an analysis of the most serious concerns
anu establishes alternative strategies available for mitigating or managing
these materials problems.

The following discussion provides a detailed assessment of each bulk
and raw material placed in Group "A" in Tables 8 and 11.

Aluminwn Bulk Material Concerns - The screening process (Tables 6 and 7)

identified two potential problems with aluminum bulk materials necessary
to produce 50 GWe of peak power capacity using either of the reference
solar cell designs. The first problem is associated with the high con-
sumption of aluminum in the reference designs. The second and related
problem is the high cost of aluminum per kilowatt of peak capacity. There
are two possibilities for mitigating there problems. They are as follows.

o Redesign these photovoltaic systems to minimize the use
of aluminum.

e Find new and innovative ways to reduce the real cost of
aluminum.

Reducing the usage of aluminum in these solar systems offers the
best possibility for eliminating the aluminum bulk materials problems.
The reference designs were intended principally as a technical demonstra-
tion and not as a commercial prototype. For this reason, it is highly
likely that the aluminum content can be significantly reduced in future

designs in one or more ways:

e using thinner or smaller structural members,

e developing higher efficiency cells requiring fewer support
members,

e developing cells with better packing factors, requiring
fewer support members, and

e Substituting other materials for aluminum.

Through design improvements or material substitutions the aluminum
requirements for commercial photovoltaic systems could be substantially
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reduced over these experimental designs. Therefore, potential problems
with respect to high bulk aluminum consumption are likely to be eliminated.

The criteria for selecting aluminum in the reference designs are
unknown at this time. However, much of the aluminum is used in supporting
frames for the photovoltaic cells, and it appears that other structural
materials could be readily substituted. For this reason, we recommend that
additional development of these photovoltaic designs be directed toward
the identification and development of less costly substitute materials for
aluminum.

The more serious problem is the high cost of aluminum per kilowatt
of capacity, $624/KW and $355/KW from Tables 6 and 7. Even assuming
greatly reduced usage in the commercial designs, the cost of aluminum
components will probably be a significant fraction of the photovoltaic
system cost.

The possibility of reducing the real cost of aluminum does not appear
promising. Aluminum prices in constant dollars have shown significant cost
reductions in the past (Figure 10). Figure 10 shows three projections of
the probable future constant dollar costs of aluminum. The most likely
projection is for a 50% price increase caused primarily by substantially
higher energy and environmental control costs. The pessimistic estimate
assumes a cartel scenario which restricts bauxite production forcing the
substitution of higher cost domestic clays, thus adding further to the
price pressures caused by energy and environmental control costs. The
optimistic estimate assumes technology development will offset cost in-
creases in energy and environmental control. However, because of the
maturity of the aluminum industry, it would not be prudent to base a solar
design strategy on expectations of major price reductions resulting from
technology improvements in aluminum production.

Aluminum - Raw Material Concerms - Bauxite - Tables 9 and 10 identify

several potential problems relative to bauxite supply; the major concern
relates to the lack of domestic sources of bauxite. Because of the reli-
ance on imports for bauxite, the potential exists for cartels or foreign
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political actions to disrupt the normal supply of bauxite. A similar
situation exists for foreign supplies of petroleum, thus bringing the
OPEC cartel into existance. However, cartel formation appears unlikely
for bauxite, as compared to petroleum, because: (1) bauxite deposits are
plentiful and dispersed around the world, and (2) domestic clays can be
used to produce aluminum at a modest increase in cost. Large domestic
deposits of these clays have been identified. These two factors tend to
discourage the formation of constraints for the world bauxite market.

The probable reduction in the usage of aluminum in commercial photo-
voltaic systems, resulting from improved designs and materials substitu-
tion, should eliminate the other concerns identified in Tables 9 and 10.
Although the projected consumption of U.S. bauxite reserves is very high,
back up resources, the domestic clays cited above, are plentiful; therefore,
bauxite as a raw material should not be a significant problem.

Antimony ~ Bulk and Raw Material Concerns - Although the screening process

flags both bulk antimony and antimony ore as potential concerns, our de-
tailed assessment concludes that antimony is not likely to be a significant

problem to the development of photovoltaic systems. Antimony was flagged

because it is almost completely obtained as a byproduct or co-product of
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lead production, and 55% is currently imported. However, it is unlikely
that external action could effectively manipulate prices or control supply
of antimony because: (1) antimony sources are dispersed (only 22% of
current antimony production originates in the largest supplying country
outside the U.S.), (2) the cost contribution of antimony in these designs
is modest so that significant price variation could be tolerated, and

(3) substitute materials for antimony in these designs are available and
have proved satisfactory.

Copper - Bulk Material Concerns - The only potential problem identified
for copper is its cost in the silicon cell (Table 6). In the silicon n/p
single crystal design the cost contribution of copper is $68/KW of capa-
city, the fourth highest cost material. This is $18/KW above the thresh-
old level for cost concern. Three possible ways of reducing the cost

contribution of copper in this design are:

1. Develop new and Tower priced copper supplies.
2. Design for less copper use.
3. Substitute other materials for copper.

Copper price trends in constant dollars are shown in Figure 11 along
with the decreasing copper ore grade over the last 25 years. Copper prices
have historically increased about 2% per year while the ore grade utilized
in copper production has steadily decreased at about 2% per year. Tech-
nological improvements in the production and mining processes for copper
have reduced the direct man-hours per ton from about 25 to 17 in 1975
(see Figure 12). Without these technological improvements, it is 1likely
that the price of copper would have risen at a rate greater than 2% per
year. If the real price of copper continues to increase at about 2%
per year, the constant dollar price for copper in the year 2000 will be
about 50% higher than current copper prices. Copper prices are related
to, and Timited by, the price of functionally competitive materials. Alu-
minum is the primary competition, but, as we discussed previously, alumi-
num is 1ikely to experience significant cost increases in the future.

For this reason, competition is unlikely to constrain future price in-
creases for copper. Declining ore grades, coupled with increased cost of
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energy and environmental controls (as with aluminum), are expected to
cause upward pressure on production costs and prices.

Designs which use less copper are possible if: (1) higher efficiency
photovoltaic cells or concentrating designs are developed, (2) better geo-
metric packing factors for arranging these cells are developed, or (3) trans-
formation and/or voltage step-up designs which enable the use of smaller
wires are developed. Implementing these alternatives could considerably
reduce the quantity of copper used in these solar photovoltaic designs.

Aluminum is the only practical substitute for copper in these designs.
Since the cost of aluminum is expected to increase faster than copper, the
substitution of aluminum for copper will probably not lead to a cost reduc-
tion. Therefore, of the three alternatives only designs using less copper

offer the potential to reduce the costs attributable to copper.

Galliwn - Bulk Material Concerns - The screening process identified gallium

in the Gallium Arsenide (GaAs) System as a potential problem material in
meeting the goal of 50 GWe in the year 2000 (Table 7). Gallium is almost
entirely derived as a byproduct. 1In order to meet the needs for gallium

in the GaAs design, as well as other forecasted uses of gallium, a 17%
compound growth rate in production is necessary. Photovoltaic uses alone
would require 92% of the world gallium production. Of current world pro-
duction, 45% is supplied by one foreign country and imports of gallium

are 75% of the domestic requirements. Because these photovoltaic systems
would consume nearly all of the gallium production and because of the po-
tential for cartels or foreign political actions to restrict supplies,
serious supply price and capacity disruptions could develop. Since gallium
is essential to the reference design, there is concern both to the stability
of the price and supply. Under current prices, gallium contributes $41/KW
to the capital cost of the system (Table 7).

Gallium is presently recovered as a byproduct of zinc and aluminum
production. A potential constraint arises if solar's needs exceed the
amount available as a byproduct of producing these two materials.
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We have estimated that gallium for the development of the incremen-
tal peak capacity in the year 2000 requires approximately 28.4 million
metric tons of bauxite. This represents about 11% of the forecasted
bauxite production in the year 2000. Therefore, sufficient gallium should

be available from expanded bauxite production alone to satisfy the needs

of this phetovoltaic system. Gallium, above the Tevel available from

aluminum and zinc production, would have to be acquired in one of two
ways.

e A directly minable source would have to be located and
developed, or

e Adequate supplies of mother ores must be processed

annually to provide the needed byproduct gallium.

A directly minable source of gallium may be available from domestic
clays. However, sufficient demand would have to exist to attract the nec-
essary capital to develop these resources. Some clays contain about 50
grams of gallium per ton. Assuming 1/3 recovery of the gallium, it would
be necessary to process about 50,000 tons of clay to get one ton of gallium.
Gallium prices are currently $800,000/metric ton, and current U.S. annual
consumption is about 8 metric tons. Since extracting gallium from clays
is expected to be more costly than byproduct recovery, this would only be
undertaken if foreign sources of byproduct gallium were restricted. How-
ever, because of our dependence on foreign supplies it may be necessary
to initiate R&D support directed toward lower cost gallium recovery from
domestic clays if the GaAs system is pursued.

A major concern exists with respect to the cumulative production
growth rate required for gallium. The annual U.S. consumption, at present,
is in the range of 8 metric tons per year. A capacity of 50 GWe would
require about 2,560 metric tons of gallium. Rapid expansion of gallijum
production is required by the development of this photovoltaic system,
and significant materials management will be required in order to achieve
a reasonably stable price.

Gallium production processes are extremely capital intensive. A
stable long-term demand would be required to induce the needed capital
investments. Early investments in R&D, along with long-term guaranteed
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purchases, may be necessary in order to reduce the costs of gallium produc-

tion and to provide incentives for capital investment to expand production
capacity.

Considerable opportunity exists for process improvement since gallium
is currently produced in a batch mode. In Figure 13, we can trace the
price history of gallium. This depicts the development of an industry
where prices have been dramatically reduced as production increased. The
dashed Tines on Figure 13 indicates considerable potential for further
technology development. Developing continuous gallium production processes
along with a scale-up on capacity, should reduce the capital costs and
unit prices of gallium. This will not be achieved without additional R&D
support directed toward lower cost gallium byproduct recovery technology.

AT $50, 000/KG THE ANNUAL PRODUCTION
WAS LESS THAN 10 KG/YR.
TREND LINE
10,000 -
AT ABOUT $4, 000/KG, PRODUCTION WAS
IN THE RANGE OF 100 OR LESS KG/YR.
AT PRICES CURRENTLY LESS
THAN $1000/KG, PRODUCTION
$/Kg I'S IN THE RANGE OF 15, 000 KG/
1000 YR. PRODUCED BY BATCH
’ PROCESSES
\
N

CONSIDERABLE POTENTIAL \\

EXISTS FOR COST REDUCTION ~

IN SUPPLYING 570, 000 KG/YR. =

IN YR. 2000 IN CONTINUOUS

PROCES SING MODE.
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‘ I | L ! ! L |
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FIGURE 13. Price History for Gallium
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Future gallium prices appear to be particularly uncertain since most
of the gallium consumed in the U.S. is imported and world supplies of
gallium originate largely in one country. The potential for price manipu-
lation is particularly significant with gallium. Most gallium is current-
1y recovered during the process of converting bauxite to alumina. The
current trend is for conversion to be accomplished at the bauxite mines
overseas. Therefore, the future sources of gallium are likely to be under
greater foreign control than at present. In addition, because of the large
capital investment required for gallium recovery, it is likely that only
the largest bauxite producers will install a gallium recovery process.
Each of these factors will tend to concentrate gallium production among a

few producers which in turn may adversely impact the future price stability

and supply for gallium.

While sufficient gallium exists in aluminum production processes to
meet the needs of the GaAs system, significant improvements are necessary
in gallium recovery processes and large increases are necessary in gallium
production capacity. 1In addition, price uncertainty exists with respect
to foreign control of gallium recovery processes currently held by only a
few large bauxite producers. Three strategies exist for mitigating future
gallium problems if the GaAs system is seriously pursued.

e Support R&D to develop improved gallium recovery

processes

e Provide Tong-range incentives and guarantees to
inspire the capital investment necessary to rapidly
increase production capacity

e Develop improved cell designs that minimize gallium
requirements

Germanium Bulk and Raw Material Concerns - Germanium, potentially a criti-

cal material in the GaAs photovoltaic sy§tem (see Table 7), generates
the following concerns:

e 100% supplied as a byproduct of zinc production

e Compound growth rate of 16%/year

o Almost total dominance of the market by solar (96%)
e High cost contribution of $78/KWe
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Table 10 reveals that solar requirements for "zince byproduct" (sludges
needed as raw materials in germanium production) are very large compared
to expected future production rates.

Germanium is presently recovered primarily from the sludges of zinc
smelting and refining. A potential constraint arises if solar needs exceed
the economically available byproduct output. In this case, germanium needs
would have to be met by:

1. finding a directly minable ore,
2. exploiting a new byproduct source, and/or
3. designing for the use of less germanium.

There is no known primary ore which has a potential for economic recovery

of germanium; therefore, germanium will probably remain a byproduct of other
processes. The most likely source for additional germanium is from coal
combustion residues (ashes, clinkers, etc.).

Present prices for germanium are based on processing higher grade
sludges from zinc recovery. We expect that meeting the goal for photo-
voltaics with the GaAs system would require processing lower grade sludges.
Therefore, if faced with a significantly increased demand, future german-
jum prices are expected to increase. A price history and our projection
of future cost trends for germanium is shown in Figure 14. Our most opti-
mistic estimate is based on offsetting the higher costs of germanium re-
covery from lower grade byproducts by the "learning curve" effects asso-
ciated with increased production quantities. Additional R&D could produce
a technology advance in germanium production but this cannot be assured.

At the present time research is already going on to find a replace-
ment for the germanium layer in the GaAs-MIS device. This would appear
to be the best approach to mitigating germanium problems. Thinner ger-
manium layers would also help; however, the layer thickness assumed in the
reference design is already thinner than cells being produced in the
laboratory.

To help resolve potential germanium supply problems, we recommend:
(1) a modest R&D program to determine the feasibility of a lower cost
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FIGURE 14. Price History and Future Price Outlook for Germanium
(Data from U.S. Geological Survey Profesisonal Paper
820, p. 239.36)

NOTE: "If the price of germanium were to increase significantly, recovery
of the metal from certain coal ashes would become economically feasible."
(Commodity Data Summaries, 1977, Bureau of Mines, U.S. Dept. of Interior)

process for deriving germanium from coal combustion residues, and (2) con-
current R&D efforts to eliminate or reduce the thickness of the germanium
film in GaAs-MIS devices. Should the GaAs-MIS device begin to l1ook espe-
cially promising compared to other photovoltaic alternatives, and should
R&D efforts to reduce or eliminate the germanium layer look unpromising,
then a much Targer R&D program to derive a lTow cost process to produce

germanium from coal residue would be necessary.

Tron and Steel - The only concern for iron and steel is the $80/KWe to

$82/KWe material cost in the systems examined. Production in the iron
and steel industry is massive when compared to these designs' requirements
(at 50 GWe capacity solar uses less than 1% of total steel production).
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Because of this, the price of iron and steel will depend totally on non-
solar supply and demand factors. The key question then is "Whether a
significant probability exists for future price decreases in steel?" To be
significant for these examples, a price decrease of 50% would be required.
In the Tong run, this is highly unlikely because of the domestic environ-
mental control costs, decreasing reserves of high grade ores, and the
technological maturity of the industry.

Therefore, we believe that the only practical strategy is to reduce
the amount of steel in the design. Since the reference design is an
engineering prototype and not a commercial design, it is highly likely
this can be accomplished.

Silicones - Bulk Material Concerns - The primary concern with silicones
is their high cost $298/KWe in the silicon n/p single crystal designs
(Table 6). Other concerns of lesser importance are the 10% growth rate
requirement in production capacity and the 70% of world consumption re-
quired to meet photovoltaic uses.

Silicones are manufactured from abundantly available raw materials.
There are four domestic producers; they operate seven silicone production
facilities at widely scattered locations throughout the U.S. Silicones
are made into a wide variety of end products. Production of these products
has been increasing at the rate of 15%/year (Figure 15). Therefore, the
10% growth rate required to meet solar needs should be readily achievable.

The concentration of consumption in the solar market, however, might
constrain expansion since more risk is involved in supplying a narrow
market, particularly a new one in which technology changes rapidly. For
this reason, we recommend undertaking periodic studies to determine the
long range demand for silicones. These studies would assess the economic
and technical feasibility of the solar design concepts, assess the poten-
tial market penetration, and evaluate alternative materials to silicones.
If the long range demand for silicones can be reasonably assured on eco-
nomic and technical grounds, then industry could be inspired to voluntari-
1y expand capacity to meet demand.
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The high cost for silicones should decrease with time as technology

improvements and economies of scale are achieved in the manufacture of

silicones.

the early 1950's when silicones were first produced commercially (Figure 16.)

Prices for silicone products have dropped substantially since

We project continuing price declines, but at a slower rate because the
industry is maturing and because the cost of energy required in the

manufacturing process is increasing.

However, even with a price decline,

silicones will continue to be a major cost element in this photovoltaic

system design.
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CONCLUSIONS

This methodology provides decision makers with a rapid and efficient
determination of potential materials problems implicit in the implementa-
tion of a solar development plan. The results can be used to evaluate
alternative designs, establish realistic goals, and design research pro-
grams to develop solutions to materials problems.

The usefulness of this methodology in identifying potential materials
problems has been demonstrated. Future efforts will be directed toward
additional data collection and analysis of materials problems for other

solar designs.

An overview of key materials that could influence implementation of

these two example photovoltaic systems are summarized in Table 12.

52



TABLE 12.

Overview of Significant Materials Problems for the
Silicon N/P Single Crystal and GaAs-MIS Designs

Problems with

Materials Photovoltaic Use Mitigation Strategies
ATuminum - Large amounts of - Develop more Al effecient
Al consumed designs
- High cost per - Develop suitable substitutes
peak KWe for Al
Bauxite - Few domestic - Because of the dispersed nature

sources

of world supplies and the avail-
ability of domestic clays, this
does not appear to be a problem.

Antimony and
Antimony Ore

High % supplied
as a by-product

55% is currently

Antimony sources are widely
distributed and substitutes
have been identified. Not a
serious problem.

imported.
Copper and - High cost in the - Develop designs with:
Copper Ore si1jcon cell (1) higher efficiency,
design (2) better geometric packing
factors,
(3) voltage step-up to mini-
mize copper wiring.
Gallium - Derived as a by- - Support R&D into improved

product of zinc &
aluminum production

Significant growth

in production capa-
city needed to meet
needs of solar.

Nearly 1/2 of all
Ga is.supplied by
one country outside
the U.S.

Current imports are
75% of domestic con-
sumption
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processes for Ga recovery.

Provide long-range incentives
and guarantees to inspire capi-
tal investment.

Develop cell designs that mini-
mize Ga requirements.



Material

TABLE 12. (continued)

Problems With
Photovoltaic Use

Mitigation Strategies

Germanium

100% supplied as a
by-product

High production
growth rate required

High % of market re-
quired by solar

High cost per peak
KWe

Design for minimum use of
germanium

Develop new sources and pro-
duction processes to improve
availability and cost

Iron and
Steel

High cost $80-82
per KWe

Reduce steel requirements
in future designs

Silicones

Very high cost
$298/KWe in the
silicon n/p desgin
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Develop substitute sealers
for future designs.



ACKNOWLEDGMENTS

In the conduct of this study contributions were made by a large num-
ber of people and organizations. Without their help, this report could
not have been written.

Contributing organizations are: Massachusetts Institute of Tech-
nology's Lincoln Laboratory, Charles River Associates, and C&D Battery.

Contributing from Battelle-Columbus Laboratories is W. L. Swager.

The following Battelle-Northwest Laboratories personnel contributed:
T. B. Correy, D. K. Davis, D. E. Deonigi, T. P. Harrington, J. S. Hartman,
E. R. Hill, D. E. Hufferd, K. E. Keene, W. T. Pawlewicz, R. P. Smith, and
J. 0. Vining.

A special contribution was made by N. E. Carter of Battelle-Northwest.
He provided valuable insights in developing the methodology and in writing
this report.

55



10.

1.

12.

REFERENCES

Commodity Data Summaries 1977. Bureau of Mines, U.S. Department of
Interior, Washington, D.C., 1977.

Mineral Facts and Problems (Bicentennial Edition). Bureau of Mines
Bulletin 667, U.S. Department of Interior, Washington, D.C., 1975.

Chemical Marketing Reporter (Weekly)-Monday. Schnell Publishing
Company, New York, NY.

Chemical Process Industries (4th Edition). R. Norris Shreve and
Joseph A. Brink, Jr., McGraw-Hill Book Company, New York, NY, 1977.

Minerals Yearbook 1972: Volume 1 - Metals, Minerals, and Fuels.
Prepared by staff of the Bureau of mines, U.S. Department of Interior,
Washington, D.C., 1972.

An QOverview of Economic Legal, and Water Availability Factors Affecting

the Demand for Dry and Wet/Dry Cooling for Thermal Power Plants.
P. L. Hendrickson, BNWL-2268, Prepared for ERDA at Battelle, Pacific
Northwest Laboratories, Richland, Washington, June 1977.

Agricultural Statistics 1972. Prepared under the direction of the
Yearbook Statistical Committee: Melvin L. Koehn, Chairman. U.S.
Department of Agriculture, Washington, D.C., 1972.

Statistical Yearbook 1973 (25th Issue). Department of Economic and
Social Affairs (Statistical Office), United Nations, New York, NY,
1974.

Soybean: Production, Marketing and Use. Sponsored by Tennessee
Valley Authority, American Soybean Association, National Soybean

Crop Improvement Council, and Land-Grant Universities of Seven Valley
States.

The World Food Situation and Prospects to 1985, Foreign Agricultural
Economic Report No. 98, Economic Research Service, U.S. Department
of Agriculture, Washington, D. C., December 1974.

E. S. Rittner, "Improved Theory of the Silicon p-n Junction Solar
Cell." J. Energy. 1:9, January 1977.

R. G. Forney, "Low-Cost Silicon Solar Array Project," Proceedings of
ERDA Semiannual Solar Photovoltaic Program Review Meeting, Orono, ME,
1:416, August 1976.

56



. 13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

L. W. James and R. L. Moon, "GaAs Concentrator Solar Cell." Appl.
Phys. Letters. 26:467, 1975.

L. W. James and R. L. Moon, "GaAs Concentrator Solar Cells," Record
of 11th IEEE Photovoltaic Specialists Conference, Scottsdale, AZ,
[:402, August 1976.

P. Vohl, D. M. Perkins, S. G. E11is, R. R. Addiss, W. Hui and G. Noll.
"GaAs Thin-Film Solar Cells." IEEE Transactions on Electron Devices.

ED-14:26, 1967.

J. M. Woodall and H. J. Hovel, "Outlooks for GaAs Terrestrial Photo-
voltatics." J. Vac. Sci. Technol. 12(5), 1975.

Energy Use Patterns in Metallurgical and Non-Metallic Mineral Pro-

cessing Phases 4, 5, and 6 ~ Energy Data and Flowsheets, High Priority

Commodities. Battelle Columbus Laboratories, Columbus, Ohio, June 27,

1975.

R. N. Shreve, Chemical Process Industries, 3rd edition, McGraw-Hill,
New York, New York, 1967.

Kirk-Othmer Encyclopedia of Chemical Technology, 2nd edition, John
Wiley and Son, New York, New York, 1963.

C. L. Mantell, Electrochemical Engineering, McGraw-Hill, New York,
New York, 1960.

A. H. Leigh, "Precious Metal Refining Practices," presented at the
International Symposium on Hydrometallurgy, Chicago, I1linois
February 25, 1973.

R. N. Boyd and R. T. Morrison, Organic Chemistry, 2nd edition, Allyn
and Bacon, Boston, Massachusetts, 1966.

M. Sittig, Organic Chemical Process Encyclopedia. Noyes Development
Corporation, Park Ridge, New Jersey, 1967.

0. W. ET1is, Copper and Copper Alloys. ASM, Cleveland, Ohio, 1947.

R. J. Miller, "Prospect for Further Processing of Selected Mineral
Reserves in Developing Countries," Columbus, Ohio, May 30, 1972.

Lead and Zinc, Volume 1, AIME, New York, New York, 1970.

G. T. Miller, "Electrolytic Production oforon," Journal of the
Electrochemical Society, 106(9):815, September, 1959.

J. L. Bray, Non-Ferrous Production Metallurgy. John Wiley and Sons,
New York, New York, 1947.

57



. 29.

30.

31

32.

33.

34.

35.
36.

C. A. Hampel, editor, Rare Metals Handbook, 2nd edition, Reinhold
Publishing Corporation, London, England, 1961.

A. Petrick, Jr. et al., "The Economics of By-Product Metals (In Two
Parts) 1. Copper System." PB-220-477, Bureau of Mines, Washington,
D.C., April 1973.

T. Tsurumoto, T. Fujii, and A. Takeishi, "Recent Development of Copper
Smelting," Extractive Metallurgy Division Symposium, Denver, Colorado,
February 1970.

Encyclopedia of Polymer Science and Technology, John Wiley and Sons,
New York, New York, 1966.

A. Petrick, Jdr., et al., "The Economics of By-Product Metals (In Two

Parts) 2. Lead, Zinc, Uranium, Rare Earth, Iron, Aluminum, Titanium,
and Lithium Systems." PB-221-476, Bureau of Mines, Washington, D.C.,

April 1973.

D. A. Brobst and W. P. Pratt, editors, "United States Mineral
Resources," Geological Survey Profession Paper 820, United States
Printing Office, Washington, D.C., 1973.

Perry's Handbook, 4th edition, McGraw-Hill, New York, New York, 1963.

U.S. Geological Professional Paper 820.

58



APPENDIX A

SOLAR DESIGNS ON WHICH
MATERIAL REQUIREMENTS HAVE BEEN CHARACTERIZED

Engineering and bulk material requirements for the 12 SHACOB and
AIPH systems listed in this appendix have been estimated. In addition,
material requirements for the 13 photovoltaic cells and one photovol-
taic system have aiso been estimated.



SOLAR SYSTEMS CHARACTERIZATION

SHACOB & AIPH SYSTEMS CHARACTERIZED

Space Heating - Solaron Corporation System using 273 ftZ of steel flat plate
collectors - air heat transport.

Space Heating and Domestic Hot Water - Solaron Corporation System using
273 ft2 of steel flat plate collectors - air heat transport.
Domestic Hot Water - Sunworks copper flate plate collectors (74 ft2) - water

and ethylene glycol heat transport.

Space Heating and Domestic Hot Water - American Heliothermal Corporation
System using 268 ft2 of steel flate plate collectors - water and
propylene glycol heat transport.

Space Heating and Cooling and Domestic Hot Water - Ecosol Systems Inc.
heat pump system using 258 ft2 of KTA Corporation evacuated tube
collectors - water heat transport.

Space Heating and Cooling and Domestic Hot Water - Kirtland Air Force Base,
Exchange Main store using absorption chillers for cooling and 8320
ft2 of Raypak, Inc., flat plate collectors with aluminum plate and
copper tubing - water and ethylene glycol heat transport.

Passive Space Heating - Concrete Trombe wall behind 510 ft2 of glazing.

Passive Space Heating - Water tank Trombe wall behind 510 ft2 of glazing.
Passive Space Heating - Direct gain, masonry walls behind 256 ft2 of
glazing.

Industrial Process Hot Water from Solar Ponds - Accelerates chemical
leaching of uranium ore at the Sohio mining and milling complex in
Bibo, New Mexicg. System design by Lawrence Livermore Laboratory
uses 100,000 ft~ of shallow solar ponds - water heat transport.

Industrial Process Heat for Kiln Drying Lumber - Installed on a conven-
tional hardwood drying kiln at the Linden Lumber Company, Linden,
Alabama. System design Ey Lockheed-Huntsville Research and Engineer-
ing Center uses 2,520 ft¢ of Chamberlain Manufacturing Corporation
steel flat plate collectors - water and ethylene glycol heat transport.

Process Steam for Drying of Textiles at the Westpoint Pepperell Mill in
Fairfax, Alabama - System design by Honewell, Incorporated uses
8,300 ft2 of parabolic-trough, concentrating collectors - water and
steam heat transport.



SHACOB AND AIPH SYSTEMS PLANNED FOR FUTURE CHARACTERIZATION

Process Hot Water for Dyeing Fabrics at the Riegel Textile Corporation
plant in LaFrance, South Carolina - System design by General Elec-
tric Company uses 5,860 ft of G.E. evacuated tube collectors - water
and ethylene glycol heat transport.

PHOTOVOLTAIC SYSTEMS CHARACTERIZED

1 Photovoltaic System Characterized for Silicon n/p Single Crystal Cell
Based on the Installation at Meade, Nebraska.

1 System Constructed by Modification of the Meade System to Accommodate
the Different Efficiency and Packing Factor fo the GaAs-MIS System.

PHOTOVOLTAIC CELLS CHARACTERIZED

Cadmium Sulfide - Copper Sulfide Back Wall
Cadmium Sulfide - Copper Sulfide Front Wall
Cadmium Sulfide Cadmium Telluride

Cadmium Sulfide Indium Phosphide

Copper Oxide - MIS

Cadmium Sulfide Copper Indium Selenide
Silicon Single Crystal

Silicon MIS

Indium - Tin Oxide

Tin-Oxide-Silicon

Amorphous Silicon

Gallijum Arsenide, Concentrator Cell
Gallium Arsenide - Thin Film Cell

NOTE: Additional Photovoltaic System Characterizations will be Required
to Evaluate the Cells which need Concentration of the Sunlight at
Various Levels.
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APPENDIX B

BULK MATERIALS DATA BASE

This appendix includes the data used to analyze each of the bulk
materials in this report. Some of the information in this Appendix
is in computer format due to space limitations. A1l consumption esti-
mates are in metric tons.
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APPENDIX C

RAW MATERIALS DATA BASE

This appendix includes the data used to analyze each of the raw
materials in this report. Some of the information in this Appendix is
in computer format due to space limitations. A1l consumption estimates
are in metric tons.
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APPENDIX D

CONVERSION FACTORS FOR
BULK TO RAW CONVERSION

This Appendix includes the results of process analysis and shows
the number of metric tons of each raw material necessary to produce one
metric ton of each bulk material.
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APPENDIX E

Characterization of
MIT-LL and UNL PHOTOVOLTAIC SYSTEM
at Mead, Nebraska

Modified with State-of-the-Art
SiTlicon n/p Single Crystal Cells at 10% Efficiency
and GaAs MIS Thin Film Cells at 10% Efficiency



MIT-LL and UNL Photovoltaic System
at Mead, Nebraska

Modified with State-of~-the-Art

Silicon n/p Single Crystall Cells - 10% Efficiency

This sytem was built by the Massachusetts Institute of Technology's
Lincoln Laboratory. The power produced is used to pump water to irrigate
80 acres of corn and soybeans at the University of Nebraska Field Labor-
atory near Mead.

A total of 28 flat panels, each 8 feet by 25 feet, comprise the array.
The units peak power of 25 KW is derived from 240 square meters of silicon
operating at 10.4% efficiency. The state-of-the-art silicon cells use
less material than those now in production.

The array output (6.2 amps at 150 volts per panel) is fed to two
buildings. One houses system control equipment and three 7.5 kVA inver-
ters. The other building houses 38 large lead-acid storage batteries
capable of storing 85 KW-hr.
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MIT-LL AND UML PHOTOVOLTRIC SYSTEM

AT MEAD, MNEBRASKA

MODIFIED WITH STATE OF THE ART SILICON MN-P
SINGLE CRYSTAL CELLS - 46X EFFICIENCY

TECHNOLOGY :
CAPACITY:
APPLICATION:
LOCATION:
INSOLATION:

SOLAR COMTRIBUTION:
SUPPLEMENT :

SCLAR EFFICIENCY:
COLLECTOR HARENR:

OFERATING TEMPERATURE:
ENERGY TRANSPORT MEDIUM:

STORAGE TYPE:
STCORAGE CAPRCITY:

PHOTOVOLTRICS

25 KW PERK

CROP IRRIGHTION AMND DRYING
MERD, HNB

2888 KW-HR/M+MoYR

LINE POWER

15%

248M*¥M

AMBIENT

ELECTRICAL
LEARD-ACID BATTERIES
85 KiW-HR

MATERIAL EEQUIREHENTS
FUNCTIONAL COMPOMNENTS

ENERGY COLLECTOR KILOGRAMS
12 B2 GLAZING SILICONE ig6el
12 83 TBSUEEE? IEEIE#P SINGLE CRYSTHL
% CIENC o .
ACTIVE LAYERS SILICON 291
HN-DOPANT PHOSPHOROUS 2. 53-64
P-DOPANT BOROM 2. 26-06
GRID CONTACT TITANIUM 2. 26-83
PALLADTUM 2. 93-83
SILVER _. 6935
BACK COMTACT ALUMINUM X 38
AR COATING TANTALUM .168
12 84 ENERGY TRANSPORT _
PANEL INTERCONNECTS COPPER 5.8
_ TEFLON %26
FLECTRICAL BOXES, WIREWAYS. INSULATORS, ECT L
CHRBON STEEL 1228
STAINLESS STEEL 284,
COPPER o 57z
PLASTICS. LAMINATES .91
HYPLON .58
ALUMINUM 15. 3
RLUBEBER 22. 6
£9-45 SCOLDER 2z 6
12 @7 FRAME )
SOLAR CELL MODULE BRACKING PHHELS
FRP POLYESTER 1888,
ALUMINUM 1148
12. 93 SUPPORTS
UPRIGHTS 961 ALUMINUM 2248,
STAINLESS STEEL 286,
CUNCRETE 1. apz+a5
FRAMEWORK 6864 ALUMINUM 1. 17+84
STAINLESS STEEL 446.
CARBON STEEL 238

E-2



1% ENERGY TRANSPORT KILOGRAMS
1% 62 ELECTRICAL WIRE -
COPPER 264,
pyve 24,
1= 85 SUPPLRTS o
CONDUIT ALUMINUM 983,
CHREON STEEL € 99
CONDUIT SERLS RUBBER 2. 33
14. ENERGY CONVERSION*
15. ENERGY STORAGE
15. 81 MISCELLRANEOUS
BATTERY BUILDING 4BFT X 26FT
CHARBON STEEL 1642,
CONCRETE 232,
FIBERGLASS WOOL 354.
PLYWOOD-SOFT WOOD 138
BATTERY COVERS ACRYLIC 53.
BATTERY INTERCOWNNECTS
COPPER : 14. 6
PHENOL IC . 845
MICARRTA . 916
EPDXY . 987
15. @2 PRIMARY STORAGE
38 BATTERIES , X753 AMP-HR AT 6 VIOLTS
LEAD-S¥_ANT IMONY 1197
LEAD-@, X CALCIUNM 1438
SULFURIC ACID 726.
POLYPROPYLENE 2@7.
15. 84 SUPPORT
STARINLESS STEEL 206.
CARBON STEEL - 18x
16. ENERGY CONITIONING
16. 82 INVERTER
ENCLOSURE CRARBON STEEL 1g@e€.
CORE CLAMPS CARBON STEEL 4.0
CORES , WINDINGS
COPPER 158.
SILICON STEEL 417,
YARNISH € 99
INSULATION POLYESTER 4. 88
INSTRUMENTATION
PHENOLIC 4. 88
COPPER 1.36
ZINC . 68
GLASS-S0DA LIME . &8
SILICON CONTROLLED RECTIFIERS
COPPER 5.8
SILICON 41
ELECTRICAL PORCELAIN .24

* Not Applicable to this Design.
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ENERGY SYSTEMS COMTROLLER KILOGRAMS

17. 81 MISCELLANEQUS
BUILDING 45FT ¥ 29FT

CARBON STEEL 14397
CONCRETE 472
FIBERGLASS WOOL 244
PLYWOOD-SOFT WOOD 1)
17. B2 METERS, SWITCHES, RELAYS, TERMINAL BOARDS, ETC
COPPER 29.5
CARBON STEEL 2@, 8
PHENOLIC 11. =
STRINLESS STEEL G54 4
PLRASTICS .85
17. 8% SUPPORTS — CABINETS, ETC
ALUMINUM 166,
STRIMLESS STEEL im 9
CRREON STEEL 1z52
EPOXYAGLASS LAMINATE .24
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MIT-LL and UNL Photovoltaic System

at Mead, Nebraska

GaAs-MIS Thin Film Cell Modification

State-of-the-Art Cells at 10% Efficiency

A geometric packing factor of 0.8 is assumed for this GaAs cell,
which reduces the total number of 8-foot by 25-foot panels from 28 to 17.
The unit's peak power of 25 KW is derived from 250 square meters of GaAs-
MIS Thin Film Cells operating at 10% efficiency.

The array output (6.2 amps at 150 volts per panel) is fed to two
buildings. One houses system control equipment and three 7.5 kVA inver-
ters. The other building houses 38 large lead-acid storage batteries
capable of storing 85 KW-hr,

This sytem was built by the Massachusetts Institute of Technology's
Lincoln Laboratory. The power produced is used to pump water to irrigate
80 acres of corn and soybeans at the University of Nebraska Field Labor-
atory near Mead.
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MIT-LL AND UNL PHUTUVULTRIC SYSTEM
AT MEAD, NEBRASKA

GAARS MIS THIN FILM CELL MODIFICATION
STATE-OF-THE-ART CELLS AT 48% EFFICIENCY

TECHNOLOGY : PHOTOVOLTHICS

CAPACITY: 25 KK

APPLICATION: CROP IRRIGHTIDN AMND DRYING

LﬂCHTIDN MEAD, NB

INSOLATIO 2088 KW-HR/M+M YR

SCLAR CONTRIBUTIUN

SUPPLEME LINE POWER

SOLAR EFFICIENCV i9x

COLLECTOR AREA: 256M+M

OPERATING TEMPERATURE : AMBIENT

- ENERGY TRANSPORT MEDIUM: ELECTRICHL
STORAGE TYPE: LEARD- HCID BATTERIES
STORAGE CAPACITY: 85 Khi~H
. KTLOGRAMS

ENERGY COLLECTOR
12. 82 GLAZING SODA LIME GLASS 2448,

12, 83 ABSORBER-GARS MIS THIN FILM
1@ EFFICIENCY

N GALL IUM 1.28
i 8
N-DOPANT .
EPITAXY LAYER GERMANIUM 6.63
BARRIER LAYER GOLD E
GRID ELECTRODE COPPER L2
BACK CONTACT TUNGSTEN .83
AR COAT ING TRNTALUM :
12. @4 ENERGY TRANSPORT
NNECTS
PANEL INTERCONN correr "y
CARBON STEEL 794.
STAINLESS STEEL 123
COPPER 344,
PLASTICS, LAMINATES S44
NYLON . 286
ALUMINUM 9. @7
RUBBER 13 6
66-48 SOLDER 14,2
12 87 FRAME
SOLAR CELL BRACKING PANEL
CARBON STEEL 743,
12. @9 SUPPORTS
UPRIGHTS
6861 ALUMINUM 1350,
s ST
+
FRAMEWORK 6. 838+04
6861 ALUMINUM 7E3a.
STAINLESS STEEL 268
CARBON STEEL 173,
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