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ABSTRACT

A methodology for fault-tolerant design of photovoltaic concentrator
module and array circuitry is presented. Results are provided in the form of
example analyses and a complete set of curves giving array power loss versus
fraction of open-circuit failures for a broad variety of series-parallel
configurations with bypass diodes. Specific curves are provided for single, four,
eight, and sixteen-parallel-string source circuits with varying bypass diode
frequencies. A example case is presented in a step-by-step fashion to assist the
module or array dcsngner in using the above mentioned curves to calculate
expected power loss for other concentrator designs. Optimum circuit
configurations must also reflect the costs of incorporating circuit redundancy
features and the life-cycle tradeoffs associated with repair and replacement of
failed modules. To this end, module replacement strategics are also investigated
based on a set of projected module and array costs. The results highlight circuit
design configurations and module replacement strategies that maximize the array
benefit to cost ratio.
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Array

Array field

Array-field power-
loss fraction

Back-bias voltage

Bypass diode

Cell failure
fraction (density)
Cell failure rate

Concentrator module

FF

Fill factor

Life-cycle benefit

Life-cycle cost

GLOSSARY

A mechanical assemblage of modules and a
sun-tracking mechanism in a common support
structure.

An assemblage of arrays connected electrically
in series and/or parallel to one or more power
converters.

The power loss suffered by an array field as a
fraction of the initial undegraded array-field
power (measured at some standard test
condition).

Voltage applied across a cell in the negative
polarity.

A diode that is connected in parallel with a
group of series cells (or parallel strings of
series cells) so that it conducts only when
the voltage across the cells is in the reverse
polarity.

The fraction of all cells in an array that
have failed open-circuit.

The fraction of cells failing per given time
unit, usually a year.

An environmentally protected package of solar
cells complete with concentrating optics.

Fill factor (see below).

A parameter used to quantify the shape of a
current-voltage (IV) curve of a photovoltaic
element (cell, module, array, etc.); the value
js defined mathematically as the maximum power
out of the element divided by the product of
its short-circuit current and open-circuit
voltage (i.e., Pmax/(Isc X Voc))-

The total present value (dollars) of the
energy generated by an array over its defined
lifetime.

The total present value of all invested cost
in a system over its defined Tifetime--used in
a limited sense in this report to include
initial system cost (including bypass diodes)
and module replacement cost.
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Reverse quadrant

Reverse voltage

Series block

Series blocks per diode

Series blocks per
source circuit

Source circuit

Substring of cells

Substring failure
field fraction (density)

Refers to the current-voltage characteristics
of a solar cell in the range where current is
flowing in the positive direction, but where
the voltage across the cell is negative, or
reversed.

See back-bias voltage.

A collection of one or more cell substrings
wired in parallel.

The number of Series Blocks connected in
series between the attachment points of each
bypass diode.

The total number of Series Blocks connected in
series in a Source Circuit.

A network of solar cells interconnected in
series and parallel so as to develop full
system voltage.

A small group of cells wired in series.

The fraction of all substrings in an array-
containing one or more open-circuit cells.



SECTION I
INTRODUCTION

A.  REPORT OBJECTIVE AND ORGANIZATION

An important module and array system performance criterion is fault
tolerance. Because enhancing fault tolerance through initial module and
array design can prove to be more cost effective than module replacement
later, a key objective of this report is to develop a methodology and to
present analytical results that will allow the concentrator module designer
to achieve cost-optimum levels of circuit fault tolerance.

Because module replacement and maintenance are integral parts of
achieving minimal life-cycle costs, maintenance and replacement tradeoffs
were also conducted to understand their influence on optimal circuit design
strategies. The results were generated and are presented parametrically to
allow their application to a broad variety of concentrator module and array
designs with differing economic assumptions and with various achieved
piece-part failure rates.

Because of the statistically low number of piece-part failures
expected, a significant fraction of this report is devoted to the problem of
computing the system power reduction associated with infrequent random cell
open-circuit failures in complex series-parallel circuits with and without
bypass diodes. The detailed methodology is presented in Appendix A and is
reduced to 24 parametric plots that are contained in Appendix B.

Section II, immediately following this section, summarizes the overall
methodology for computing the fault tolerance of various source-circuit
configurations. An example system design problem is introduced as a means
of exploring and illuminating the key circuit design tradeoffs and issues in
achieving different levels of fault tolerance.

To arrive at optimal levels of fault tolerance one must include the
economic implications of implementing the circuit redundancy features and
include the economic tradeoffs associated with optimal maintenance and/or
replacement of failed modules. These considerations are discussed in
Section III and are illustrated for two sets of system design and economic
assumptions. One set of assumptions was chosen to be representative of
present-day economics and technology; the other is more representative of
long-range goals.

Section IV draws conclusions which, of course, must be interpreted in
the light of the assumptions made in the examples. Although the examples
were chosen to be as relevant as possible to present-day issues, the report
contains the means to allow the reader to readily repeat the analyses using
differing assumptions.



B.  CONCENTRATOR ARRAY NOMENCLATURE

Before embarking on a discussion of fault tolerance, we need to
consider the nomenclature associated with modules, arrays and array fields.
First, it is important to note that the electrical-circuit modularity of a
large photovoltaic (PV) array field is generally not the same as its
mechanical modularity. Thus two sets of modular-element definitions have
evolved--those associated with the mechanical system (module, array), and
those associated with the electrical circuitry (substring, series block,
source circuit). Because both sets of elements are built up of aggregations
of solar cells, each places constraints and requirements on the other.

Starting with the mechanical elements, a photovoltaic concentrator
module consists of an environmentally protected package of solar cells
complete with concentrating optics. It is the equivalent of a circuit board
in a computer or television. An array is a mechanical assemblage of modules
and a sun-tracking mechanism in a common support structure. The array is
therefore somewhat analogous to an electronic chassis--a mechanical
integration of circuit boards. When a number of arrays are combined in a
large application, the collection of arrays is referred to as the array
field.

Although modules and arrays house portions of the electrical circuit of
the array field, the fundamental building blocks of the electrical circuit
generally do not coincide with the mechanical building blocks. Thus a
separate system of electrical circuit nomenclature has developed as noted in
Figure 1.

The Towest level building block is a cell-substring which is a
collection of series cells (Figure la). Next in complexity is a collection
of one or more substrings in parallel termed a series block (Figure 1b).

The analytical model, used to obtain array-power-loss fraction and described
in detail in Appendix A, does not deal directly with series blocks having
internal cross ties as shown in Figure lc. However, for practical systems
with Tow cell failure densities, i.e., one or fewer failures per series
block, the internal cross ties can be ignored with great accuracy, and a
configuration such as Figure 1lc can be approximated by one such as Figure
1b.

Bypass diodes are normally included to improve fault tolerance and
prevent damage due to hot-spot heating. Each bypass diode is connected in
parallel with one or more series blocks (Figure 1d-e). The number of series
blocks per diode is an important parameter used in the analyses described
here.

A source circuit consists of a series interconnection of series blocks,
including bypass diodes, configured to reach full system voltage (Figure
1f). Generally a source circuit will coincide with an integral number (1 or
more) of series-connected arrays.
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(1) ARRAY FIELD WITH 2 SOURCE CIRCUITS
Figure 1. Module and Array Electrical Circuit Nomenclature
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Finally at the system level, the total array field is made up of
paralleled source circuits as shown in Figure 1f. Although the figure only
shows two source circuits, an array field will generally be made up of a
large number of source circuits, from ten to as many as a few hundred.

The series-block and substring elements of the source circuit are
mechanically housed in individual modules. Usually a module will be
designed to represent an integral number of substrings or series blocks to
simplify the circuit wiring at the array level. It is the goal of the
module designer to achieve a module that can be economically integrated into
an array source circuit that contains the required series-parallel and
fault-tolerance features.

C.  FAULT-TOLERANCE STRATEGIES

Two important circuit design strategies are considered in this report
for the purpose of enhancing fault tolerance. The first is the use of
increasing numbers of series blocks and parallel strings per source circuit.
This is accomplished by increasing the numbers of cross-connections between
the parallel strings of cells; these cross-connections are called
cross-ties.

The objective of this cell paralleling is to provide alternate circuit
paths to carry the source-circuit current under conditions where the current
output from a localized number of cells falls below that of the overall
source circuit. Such local current-output reductions can result from a
number of causes such as open circuiting of individual cell interconnects
and solder joints, loss of cell area from breakage, or partial shadowing due
to localized obstructions or soiling. Unfortunately, the level of
over-current that can be absorbed by the parallel cells is limited by their
short-circuit current. When their short-circuit current limit, which may be
only 10 to 20% above their operating current, is reached, the entire group
of parallel cells becomes reverse-biased and begins to dissipate power,

This power dissipation heats the cells and can cause severe cell and module
physical degradation. The result is referred to as hot-spot heating from
the fact that the cells do not heat uniformly, but instead develop local
hot-spots. This implies that the use of cell paralleling to increase fault
tolerance requires a significant degree of paralleling.

The second fault-tolerance strategy, which addresses the hot-spot
heating problem, is the use of bypass diodes. Bypass diodes are installed
in parallel with groups of solar cells, as shown in Figure 1, so as to limit
the maximum levels of voltage reversal and power dissipation within the
bypassed cells. Under conditions of localized current reduction, a bypass
diode carries the over current and prevents the entire group of cells from
going into a state of severe voltage reversal and power dissipation.
However, even with a bypass diode, individual cells can be exposed to
reversed voltages and heating equal to the sum of the voltages and powers,
respectively, generated by the good cells in the bypassed group. The number
of cells per bypass diode, particularly the number of series cells per
diode, is therefore an important parameter for controlling maximum hot-spot
heating levels. Although the exact number depends on the thermal design and

4



heating endurance of a particular concentrator, the maximum acceptable

number of series cells per bypass diode is generally in the range of 5 to
10.

For a detailed discussion of hot-spot design and test methods for

concentrator photovoltaic modules, the reader is referred to previous work
(References 1 and 2).
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SECTION II
CIRCUIT OPTIMIZATION METHODOLOGY

Each circuit design strategy has advantages and disadvantages. The
optimal strategy generally involves a tradeoff of the cost of implementing
the technique versus the gain in performance and reliability. To ascertain
the effectiveness of various degrees of series-paralleling, the power output
of an array under specific failure conditions must be determined for a
variety of series-parallel configurations with varying numbers of bypass
diodes. Power loss varies inversely with degree of series-paralleling, but
Timits imposed by physical constraints, as well as those of cost, make it
impossible to achieve negligible power loss by means of unlimited
series-paralleling. Thus a number of configurations offering acceptable
power loss must be considered.

In the analyses described in this report, only open-circuit failures
are considered. The analysis of the effects of failures on a large array
field requires a complex statistical approach; in order to make the analysis
manageable, only the statistics of the occurrence of open-circuit failures
was considered. This neglecting of shorted cells is well justified for
single-string photovoltaic concentrator arrays, because infrequent shorted
cells simply cause a small voltage loss, proportional to the fraction of
failed cells. Only in the case of large numbers of parallel cells and
series blocks per source circuit does one need to be sensitive to magnifying
the impact of infrequently occurring shorted cells. In the Timiting case of
a cross-tie after each group of n parallel cells, the power loss due to
shorts is simply n times the loss in single-string source circuits. See
Reference 3 for a more detailed discussion of the impact of shorted cells.

For the case of one cell per substring, the results of the analysis for
open cells become applicable to an array with partially failed cells: e.g.,
a series block of eight parallel substrings with one failed open can be used
to simulate one of four parallel substrings and one cell 50% degraded.

A.  ARRAY POWER LOSS CALCULATION

In the analysis described here array power loss is calculated as a
function of the array circuit parameters using the analytical approach
presented in Appendix A. In summary, the first step is the use of the
binomial distribution, starting with an assumed fraction of cell failures,
to predict for each source circuit, the fraction of series blocks in the
source circuit having various numbers of failed substrings. The second
step involves the generation of I-V curves representing the degraded source
circuits. Specifically, the I-V curves of a series block containing one or
more open-circuit substrings are determined and then combined to predict the
performance of source circuits containing the distributions of degraded
series blocks determined by use of the binomial theorem as discussed above.



Finally, the system power loss is computed based on the predicted
fraction of source circuits that contain each distribution of degraded
series blocks. The actual power loss determination is made by adding the
degraded source-circuit I-V curves in parallel and comparing the resultant
power with that for the same system without any failed cells.

The process as described above is quite complex and requires a
combination of extensive statistical computations, precision I-V curve
additions, and graphical interpolation. To allow module and array designers
to compute the power loss associated with various series-parallel diode
systems, the results of the above methodology have been reduced to an
extensive series of parametric plots located in Appendix B. An example plot
for single-string source circuits is reproduced in Figure 2. This figure
provides the predicted fraction array power loss (on the abscissa) for any
given fraction of failed substrings in the array (Fgs) (on the ordinate),
with number of series blocks per source circuit as a parameter.
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Figure 2. Array Power-Loss Fraction vs. Substring Failure Density for a
Single-String Source Circuit with One Series Block per Diode
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In this case of a single series string, the number of series blocks is
defined by (equals) the number of bypass diodes per source circuit. In the
more general case with paralleled cells, the number of series blocks is
determined by the number of cross-ties; the bypass diodes may then be
installed in parallel with one or more series blocks. Curves are provided
in Appendix B for 4-parallel, 8-parallel and 16-parallel source circuits
with a variety of bypass diode frequencies. The curves were used to
determine array power loss in all of the calculations described in this
report. The set of curves is complete enough to encompass most array
circuit configurations, for both large and small systems, and provides a
useful tool for analysts performing studies of the type discussed here. A
broad variety of systems can be analyzed by interpolating among the various
graphs, and among the curves on each graph.

To use the curves one must first compute the fraction (Fgg) of open
circuit substrings in the array field corresponding to some predetermined or
assumed fraction of open-circuit solar cells. Statistically this is the
fraction of substrings containing one or more failed cells and is given by
the following equation:

Feg=1-(1-Fo)Ne (1)
where:

Fgg is the substring failure fraction
Fc is the cell failure fraction
Ne is the number of cells per substring

Equation 1 is derived from the binomial-distribution equation (Equation
A-1 in Appendix A); the latter equation gives the probability of obtaining x
failures out of N trials. The second half of the right side of Equation 1
is the probability of obtaining no cell failures in any particular substring
of No cells, where the probability of any given cell being failed is F.
The probability of having one or more cell failures in the substring is 1
minus the probability of no cell failures.

B.  FAULT TOLERANCE OF TYPICAL CONCENTRATOR SYSTEMS

As a means of exploring and illuminating the advantages and
disadvantages of various levels of circuit redundancy, the fault tolerance
of a cross-section of typical concentrator circuit designs has been computed
using the above described methodology.

Table 1 provides values of the various parameters used in the study
example to illustrate the methodology; these parameters are the number of
parallel cell strings, number of cells per bypass diode, nominal array size,
number of cells per source circuit, source-circuit voltage, and cell and
module max-power voltage.

The bypass-diode frequencies used span the range from one diode across
every cell to one every thirty cells. Since hot-spot protection



considerations suggest a maximum of 10 cells per diode, 30 cells per diode
represent an upper bound only useful for a module design with excellent
cell cooling and resistance to thermal deterioration. It is also
representative of the maximum number of series cells typically mounted in a
single module.

Table 1. Array/Module Circuit Parameters

Number of Parallel Cell Strings........... 1,4,8,16

Number of Cells/Bypass Diode.............. 1,4,6,8,10,15,20,30
Nominal Array Field Peak Power............ 100 MW

Number of Cells/Source Circuit............ 1800

Source-Circuit Voltage.............cuent. 1000 Volts

Cell Max-Power Voltage..........ovvuvuen.. 0.555 Volts

Module Max-Power Voltage.........covevvnn. 17 Volts

In Tieu of field experience data, cell failure rates were selected
based on what can be reasonably tolerated in an array so that overly large
power losses do not occur over the lifetime of the array. Based on this,
yearly cell failure rates of 0.001 and 0.0001 were used.

Before examining the parametric results it is useful to consider the
detailed calculations of a representative example involving a single-string
source circuit. This is an important circuit configuration for concentrator
arrays for it allows the cells on a single array to be connected in series,
simplifying wiring and resulting in lower currents. Assumed circuit
parameters include:

System voltage.....ovviiininnin ittt iieiiienenn 1000 volts
No. of series cells/source circuit............... 1800
No. of parallel cell strings/source circuit........ 1
No. of series cells/substring........covvvvvvnvnnn. 10
No. of series blocks/bypass diode..........ccovn.... 1
No. of series blocks/source circuit............... 180

With the assumed 1000 volt system, the number of series cells per
source circuit (1800) was obtained by dividing 1000 by an assumed 0.555
volts per solar cell. To achieve a reasonable endurance to hot-spot
heating, a bypass diode was assumed around every 10 series cells; this gives
10 cells per substring. Because no paralleling is used, the size of the
series block is established by the frequency of placement of the bypass
diodes; the number of series blocks per source circuit (180) is thus 1800
cells divided by 10 cells per diode.

Next, the fraction of failed cells throughout the PV system life must
be estimated. If we assume an annual failure rate of one per thousand cells
and no replacement, the fraction of failed cells after the 5th, 10th, 15th,
20th, and 30th year will be 0.005, 0.010, 0.015, 0.020 and 0.030.

The next step is to compute the substring failure densities
corresponding to these cell failure densities. Using Equation 1 we obtain
respectively: 0.049, 0.096, 0.140, 0.183, and 0.263. The array power loss
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fraction is finally determined for each of these cases from Figure 2 (or the
array power loss fraction graph on page B-2 in Appendix B). Note that the
set of curves in Figure 2 is for single-string source circuits with one
series block per bypass diode. In the example case, interpolation is used
to find a value of the array-power-loss fraction appropriate for 180 series
blocks per source circuit. The array-power-loss fraction for each time
period considered is: 0.06, 0.10, 0.20, 0.30, and 0.40 respectively, i.e.,
this array will be degraded by 40% at the end of 30 years with a cell
failure rate of one per thousand per year.

Results for multiple parallel-string source circuits are obtained in
exactly the same way by interpolating among the graphs in Appendix B for
parallel configurations.

Examining Appendix B, one will also note that different graphs are
provided for two different cell I-V curve fill factors of 0.70 and 0.76;
fill factor is Ppy/(Igc x Voe) and is a measure of how rectangular the I-V
curve shape is. ﬁote that the better (higher) the fill factor the more
intolerant the array is to open circuits. This implies that very high
efficiency arrays of the future may have to increase the level of circuit
redundancy to achieve the same level of fault tolerance as present, less
efficient (lower fill factor) arrays.

Figures 3 and 4 summarize the results for the cases considered by
providing the array power loss fraction as a function of time. Note that
optimal fault-tolerance considerations indicate that either single-string
source circuits or multiple parallel strings, of the order of twelve or more
in parallel, provide the best fault tolerance for cases that are of
practical importance. Note that Tow numbers of parallel strings, such as 4
to 8, only provide improved fault tolerance with large numbers of cells per
diode; these large numbers of cells per diode are inconsistent with the
requirements of tolerance to hot-spot heating.

Modest numbers of parallel strings (such as 4 to 8) lead to greater
losses because the remaining (n-1) parallel cells are incapable of carrying
the over-current resulting from the open circuiting of one of the
substrings. As a result, the cells go into reverse bias, the bypass diode
conducts, and the entire series block is lost as a power generator. Only
when there are a sufficient number of parallel cells to handle the over-
current, does paralleling have an advantage from a fault tolerance point of
view.

Figure 5 gives a plot of the time to reach a level of array power loss
of ten percent as a function of source-circuit series-parallel
configuration, assuming a yearly cell failure rate of one per thousand and
no module replacement. The figure again confirms that the single-string
source circuit has a distinct advantage over a moderate amount of
paralleling of cell strings (4-8 parallel strings), but is at a slight
disadvantage (for >4 cells per bypass diode) compared to a large degree of
paralleling (16 parallel strings). However, the slight gain in fault

11
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tolerance to open-circuit cells also could be achieved by increasing the
number of bypass diodes, which also provides added protection against
hot-spot heating.

In the absence of economic trade-off considerations, discussed in the
next section, the optimal array-circuit configurations, without module
replacement, can be selected from Figures 3 and 4 for a given size system
(voltage), yearly cell failure rate, and desired array lifetime. Of course,
other considerations besides the array power loss fraction must be taken
into account when appropriate.

30 T T
(0.001 YEARLY CELL FAILURE RATE)

20 - -
7]
E 16 - PARALLEL STRINGS
g SINGLE STRING
:.l’ T \ \ 8 - PARALLEL STRINGS
E 4 - PARALLEL STRINGS

10 -

0 1 1

0 10 20 30

SERIES CELLS PER BYPASS DIODE

Figure 5. Time to Reach 10% Array Power Loss vs. Number of Cells/Bypass
Diode :
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SECTION III
CIRCUIT LIFE-CYCLE COST OPTIMIZATION

A.  COST OPTIMIZATION METHODOLOGY

Although single-series-string source circuits are shown above to have
important fault tolerance advantages, they also require a maximum number of
bypass diodes. To properly assess the true optimum concentrator array
circuit strategy it is necessary to examine the total life-cycle energy
costs associated with the various circuit configurations, including
alternative maintenance and replacement strategies.

Module replacement adds an important dimension to the problem and
brings economics into the picture when tradeoffs are made between the
present value of the cost of module replacements and the present value of
the energy lost by not replacing modules.

A useful approach to determining optimum replacement strategies for
modules with failed cells is to determine the maximum ratio of 1ife-cycle
benefit to life-cycle cost through a parametric study where life-cycle
benefit and 1ife-cycle cost are defined by the following equations
(Reference 4):

30 )
Life-cycle benefit = 2 RE;(1+k)™? (2)
i=1
30 )
Life-cycle cost = Cy + 2 C;iM;j(1+k)™? (3)
i=1
where:
R = Cost (worth) of energy assumed constant over the plant lifetime
in constant dollars (start-up-year $/kwh)
Ey = Energy generated in year i (kWh)
Co = Initial plant cost (start-up-year §)
C4; = Cost per module replacement action (start-up-year $/module)
M;j = Number of modules replaced in year i
kK = Present value discount rate
30 = Plant lifetime (years) (assumed)

index referring to year i
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Maximizing the ratio of life-cycle benefits to life-cycle costs can be
interpreted as, and is mathematically identical to, minimizing the break-
even cost of delivered electricity:

30 X
Co + X CiMj(1+k)!?
i=1 ’

Rbreak-even = 70 (4)
> Ei(1+k)-T

i=1

Two numerical algorithms have been used at JPL to perform this
optimization over the space of possible module replacement strategies. The
first method uses a multivariate optimization program that repeatedly
evaluates any arbitrary function of n variables and locates the values of
the variables where the function is a minimum. For the problem at hand the
function to be minimized is Equation 4, and the n variables are the 30
values of M; representing the number of modules replaced in each of the
thirty years of the photovoltaic system’s life.

This algorithm has the advantage of being able to locate the least-cost
replacement strategy independent of its complexity. However, it suffers the
disadvantage of converging very slowly. An important finding from the use
of this algorithm is that, in nearly all cases analyzed, the optimum
replacement strategy has been either no module replacement at all, or module
replacement each time a solar cell fails. In the rare cases in which one of
these two options has not been optimum, the optimum replacement strategy has
always been to fully replace failed modules in the first few years of the
system’s life, and then to replace no modules in subsequent years. For more
details on the applicability of each strategy see Reference 4.

Based on this finding a second optimization algorithm has been
developed based on selecting the least cost of 31 trial replacement
strategies. The 31 trial strategies include no replacement at all, and
module replacement for each cell that fails during the first through the Nth
year (N =1, 30) with no replacement for the balance of the plant’s life.
This algorithm works very efficiently and is the one used in this study.

B.  COST OPTIMIZATION EXAMPLES

To illustrate the life-cycle-cost optimization procedure and explore
the economic viability of the previously analyzed levels of circuit
redundancy, two sets of economic parameters were used in example
calculations that follow. The two sets of economic parameters will be
referred to as the 15%-module-efficiency and the 20%-module-efficiency
models. They are also referred to as the near-term and long-term models,
respectively, because the parameters in the two models are meant to
represent near-term and long-term module and array cost goals. The values
of the parameters defined by these models, and which are inputs to Equations
2, 3, and 4, are given in Table 2. The values for the 15%-module-efficiency

16



model were obtained from Reference 5 and those for the 20%-module-efficiency
model from Reference 6. The parameters associated with the near-term model
represent module costs of $1.85/W based on a 15%-efficient module and a
yearly production of 70,000 modules (Reference 5). When energies are
calculated for use in Equation 4 it is assumed that the 15% and 20% module
efficiencies are reduced by a factor of 20% each to account for such factors
as actual module efficiency at nominal operating temperatures, electrical
wiring losses, soiling losses, tracking losses, etc.

Assumption of an efficiency value also determines values for
non-economic parameters such as the number of modules replaced (e.g., an
array field composed of lower-efficiency modules contains more modules and
therefore more modules to replace); these values are also given in Table 2.
The cost per module replacement action is the total cost (parts and labor)
incurred as a result of the replacement action.

Values of additional economic parameters taken from Reference 7 are
also given in Table 2. The array-field costs incorporate all array-
associated costs including module costs, support structure and tracking, and
intra-array-field wiring. The balance-of-system costs include site
preparation and development, and power conditioning and associated wiring.

A bypass-diode nominal cost of $7.50 per diode (30-A capacity), including
heat sink and installation, was assumed based on actual experience with
similar diodes in multi-megawatt flat-plate central station applications.

Ihe annual array energy production was determined using a value of 1880
kWh/m¢ per year for direct normal annual irradiance, which is typical of a
site such as Albuquerque, NM.

Table 2. Economic Parameters Used in Life-Cycle Benefit/Cost Analyses

Array-Field Cost

15% Model ($322/M2).uunenncnnnnnnnn. $2.69x108

20% Model ($277/m2).....ccvvrvrnunin.. $1.73x108
Balance-of-System Cost

15% MOdeT .o v e et $1.65x107

20% MOAET v v ettt e e $1.60x107
Cost per Module Replacement

15% Model (3.67m2 Module Area)........ $875

20% Model (2.75m% Module Area)........ $350

Number of Modules Replaced/Year
Yearly Cell-Failure Rate=0.001

15% ModeTl . oottt e inencnonns 6820
20% Model ... oviniiiiiiiiniiiiiniennn 5460
Yearly Cell-Failure Rate=0.0001
15% Model...c.oivviiininiiinnnannenn. 704
20% Model....iiniiiiieiiiiiaiiiinas 563
Discount Rate.....iviiieiiiiiiin ittt iiierannnnan 0.09/Year
Inflation Rate......coiiiiiieiiinirnnnnnnenonenns 0.05/Year
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Since single string source circuits were shown above to have important
fault tolerance attributes, they were chosen for the example analysis.
However, the principles that are illustrated apply to multiple-parallel-
string source circuits as well. The only circuit-configuration parameter
varied in the analyses was the number of cells per bypass diode.

As discussed above, the replacement strategy assumes module replacement
options involving no replacement at all, and replacement through the first N
years out of thirty, followed by no replacement after year N. The optimum
value of N is that which Teads to the lowest break-even cost of electricity;
it varied between 0 and 30 for the given set of input parameters.

Figure 6 provides typical results obtained for the optimum level of
module replacement as a function of the number of cells per bypass diode for
the two moduie efficiencies and two yearly cell-failure rates. The figure
shows that the optimum number of years of module replacement increases with
the number of cells per bypass diode; this is because of the greater amount
of energy lost with widely spaced diodes. Note that for practical systems
with Tess than 10 cells per diode, no_module replacement is the optimal
strategy. The level of replacement is slightly greater for the
20%-moduie-efficiency model, because module-replacement cost is less, and,
therefore, a greater amount of module replacement is more cost effective
than for the 15% model.

1 T rrriTg T llllllll I rm 1T vVid

~e——— 0.001 YEARLY CELL FATLURE RATE
————0.0001 YEARLY CELL FAILURE RATE

W
=
T

N
o
T

20% MODULE EFFICIENCY

15% MODULE EFFICIENCY

FINAL YEAR OF MODULE REPLACEMENT
o

/
14l L1 o1l ! P11

10 100 1000

o
-t

NO. OF CELLS/DIODE

Figure 6. Optimal Module Replacement Strategy in Terms of Final Year of
Replacement vs. Number of Cells/Bypass Diode
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The sensitivity of the value of the economic parameters in Equations 2
and 3 to the bypass diode frequency can be determined by obtaining the
break-even value of the parameter in question, keeping all other parameters
constant except the number of bypass diodes. The break-even value is that
value that leads to a life-cycle benefit/cost ratio of one.

Figure 7 gives separate plots of the break-even values of the energy
worth, everything else held constant, as a function of the number of cells
per bypass diode for the 20%-efficient module, and yearly-cell-failure rates
of 0, 0.0001, and 0.001. The zero-failure-rate case represents the system
cost, including bypass diodes, without energy lost and cost of module
replacement. In all of the plots, the values of energy worth are normalized
to the values for the zero-failure mode and the case of one bypass diode per
cell. These values are $0.114/kWh and $0.168/kWh respectively for the 20%
and 15% efficient modules.

Figure 7 shows a striking contrast between the two failure rates
considered. The 0.001-failure-rate case has the minimum break-even cost at
four cells per diode, while the break-even cost for the 0.0001-cell-
failure-rate case decreases monotonically as the number of cells per diode
increases. Since significant hot-spot heating is expected in most
concentrator modules with more than 10 cells per bypass diode, it is both
prudent and economically reasonable to incorporate a modest number of bypass
diodes (at Teast every 10 to 20 cells depending on the module’s hot-spot
endurance) into the circuit design. For higher failure rates the optimum
frequency is seen to increase to the 4 per diode noted for a failure rate of
0.001.

Figure 8 provides the same plot for a 0.001 failure rate with a
breakout of the contributions of the two cost components, one for lost
energy, and the second for module replacement. Note that energy is Tost
only during those years when no module replacement occurs; i.e., it is
assumed that if modules are replaced, they are replaced quickly so that no
energy is lost. Figure 8 shows that the optimum bypass-diode-placement
strategy (minimum break-even cost) occurs at four cells per diode; this is
in the region on the curve where no module replacement is the optimum
replacement strategy.

Figure 9 provides plots of the same parameters for the 0.0001-cell-
failure-rate case that Figure 8 provided for the 0.001 case. Although the
break-even cost decreases monotonically with increasing number of cells per
diode, the region where no module replacement is optimum occurs at about the
same number of cells per diode as the 0.001-cell-failure-rate case.
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Cells/Bypass Diode for Single-String Source Circuit, 20%
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Figure 10 provides break-even values of energy worth for the same
failure rates for the 15%-efficiency model that Figure 7 provided for the
20% model. Again the 0.001-failure-rate case shows an optimum cost at a
diode frequency of one diode every four cells, and the 0.0001 case shows a
monotonically decreasing cost with fewer diodes. The latter begins to level
off to its asymptotic value at a higher diode frequency (one every ten
cells) than was the case for the 20%-efficiency model. In summary, the
results provided by the two failure rates argue for diodes every 4 to 10
cells.

Figures 11 and 12 provide plots for the 15%-efficiency model,
comparable to those that Figures 8 and 9 provide for the 20% case; the
conclusions drawn from Figures 8 and 9 mirror those discussed above for the
20% case.
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SECTION IV
RECOMMENDATIONS AND CONCLUSIONS

A.  RECOMMENDED ARRAY CIRCUIT CONFIGURATION AND BYPASS DIODE FREQUENCY

The results of the analyses indicate that the optimal array
series-parallel configuration is either single-string source circuits or
multiple-string source circuits with large numbers of parallel strings
(.12-or-greater parallel strings). The choice between these two strategies
will largely depend on the economies of the components, such as bypass
diodes, cabling and connectors, required to carry the source-circuit
current. Previous experience with large flat-plate arrays suggests that
current levels on the order of 50 to 150 A are quite cost effective in large
central-station systems. If this same range holds true for concentrator
modules, multi-parallel-cell source circuits will be advantageous for large
systems using concentrator modules with individual cell currents less than
around 10 A. One of the reasons for the efficiency of this circuit design
is that it allows the cost effective use of one large bypass diode for a
module or group of parallel modules. For high-current cells (20 A or more),
or low-power systems, single-string circuits may be the best choice.

Based on the economies of large bypass diodes, the analysis suggests (Figure
7) that it is not cost effective to use the diodes more frequently than one
for every 4 series cells. Similarly there is 1ittle advantage to be gained
with fewer than one diode for every 10 to 20 series cells. Because hot-spot
protection argues for one diode every 10 series cells or less, the optimum
frequency appears to be in the range of 4 to 10 series cells per diode,
depending on the actual cost per diode and the expected cell-failure rate.

B.  RECOMMENDED MODULE REPLACEMENT STRATEGIES

Analyses were also conducted to determine the optimum module
replacement strategy based on minimizing the total break-even cost of
photovoltaic energy produced. In general, when a circuit design with
optimal fault tolerance is used, the optimum replacement strategy is no
replacement. Only when less fault tolerance is introduced, or where
significantly less expensive modules are used, does a strategy of
replacement become desirable.
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APPENDIX A
METHODOLOGY FOR DETERMINING ARRAY POWER LOSS

Certain faults occur in terrestrial photovoltaic modules, both at the
beginning of 1ife and throughout the duration of field operation. Computing
the array-field power degradation corresponding to various levels of random
open-circuit cell failures is critical to understanding both the
quantitative significance of various cell failure levels, and the benefits
of candidate fault-tolerance circuit-design strategies. The problem is made
particularly difficult by the non-linear electrical behavior of solar cell
networks (particularly with bypass diodes) and by the presence of millions
of cells and diodes in a typical megawatt-scale PV power plant. This
appendix describes the method developed and presents sample results of the
extensive parametric analyses performed Teading to the set of computation-
assisting graphs provided in Appendix B.

The nomenclature used in this appendix is described in Section I of this
report, in connection with Figure 1, and will not be discussed further here.

A. ANALYTICAL APPROACH

The developed approach incorporates a combination of statistical
analyses to determine the probability of various cell-failure physical
distributions, together with precision I-V curve power-degradation
computations to quantify resuiting power losses. The computer-assisted
method is most easily viewed as containing the following five steps:

(1) Computation of the fraction (Fgg) of failed substrings in the
array field corresponding to tﬁe given fraction (F.) of open-
circuit cell failures.

(2) Computation of the fraction of series blocks that contain specific
numbers of failed substrings; this is done for various substring
failure fractions.

(3) Calculation of the fraction of source circuits containing
different levels of degraded series blocks.

(4) Calculation of power-loss fractions for source circuits containing
the computed distributions of series blocks with specific numbers
of failed substrings.

(5) Determination of the weighted sum of the degraded source-circuit
power-loss fractions; this value is the total power-loss fraction
of the array field.

The details of these steps are described below.
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1. Determination of the Fraction (Fss) of Open-circuit Substrings

The substring (see Figure 1 in the body of the report) is the
fundamental building block of the array field; it is the element that is
wired in parallel to create a series block. The fraction of open-circuit
substrings is mathematically tied to the fraction of open-circuit solar
cells by the binomial distribution equation:

f(x) = nl/(x!(n-x)!) (PXQ"X) (A-1)

where f(x) is the probability of the occurrence of x events in n trials, if
the probability of occurrence of the event in any given trial is P,
and Q = 1-P is the probability of the event not occurring.

For the case at hand the fraction of open circuit substrings is equal
to the probability of any given substring containing one or more failed
solar cells, or one minus the probability of any given substring containing
no failed solar cells. Substituting into Equation A-1 with x = 0, n =
number of cells per substring, and P = probability of any given solar cell
being open-circuit gives:

Feo = 1 - (1 - Fo)lNe (A-2)

where:
Fgg = substring failure density

Fc = cell failure density

Nc = number of cells per substring

Equation A-2 is exact providing that the solar cell failures are
statistically independent occurrences, i.e., the failure of one cell does
not influence the failure of another.

2. Computation of the Fraction of Series Blocks with Specific Numbers
of Failed Substrings

With the fraction (or density) of failed substrings determined, the
next step is to compute the fraction (probability) of series blocks
containing a specific number (x) of failed substrings. This is again
defined by the binomial distribution (Equation A-1), this time with n = the
number of parallel substrings, and P = Fgg. The result of the analysis is a
plot, such as Figure A-1 for each candidate number of parallel cell strings.
Notice that Figure A-1 gives the fractions for all possible numbers of
failed substrings as a function of substring failure density. Similar plots
were also generated for 4 and 16 parallel substrings.
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Figure A-1. Fraction of Series Blocks with a Given Number of Failed
Substrings as a Function of Substring Failure Density,
Eight Parallel Strings

3. Calculation of Source Circuit Degradation Distribution

Given the fraction of series blocks with various numbers of failed
substrings, the next step is to determine the fractions of source circuits
with various levels of these degraded series blocks.

A key measure of the level of source-circuit degradation is the extent
to which a given source circuit contains series blocks with large numbers of
failed substrings. This determination is broken into two separate
statistical computations, based on the binomial equation (Equation A-1), but
significantly more complex than those discussed at the substring and series-
block Tevel.

The first determination is the fraction of all source circuits whose
worst-case series blocks have a particular number (x) of failed substrings.
For example, with a four-parallel-string source circuit, some source
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circuits may contain no failures at all, some may contain degraded series
blocks containing a maximum of one failed substring, and others may contain
degraded series blocks with a maximum of two, three, or four failed
substrings, respectively. The results of this analysis are displayed in
Figure A-2 as a function of substring failure density (Fgs). Similar graphs
were generated for the cases of 8 and 16 substrings in parallel.

The second statistical determination is the fraction of series blocks
in each source circuit that contain the same number of failed substrings as
the worst-case series block. This analysis leads to results similar to
those depicted in Figure A-1, except that the results specifically address
the actual integer number of series blocks in a source circuit.
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Figure A-2. Fraction of 4-Parallel-String Source Circuits With a Given
Maximum Number of Failed Substrings

A-4



4. Calculation of Source-circuit Power Loss

With the fraction of source-circuits with various levels of failures
computed, the final step is to determine the actual electrical power loss
caused by the circuit element open-circuits. This step requires that the
non-Tinear circuit behavior of the cell networks (and bypass diodes) be
explicitly addressed.

This was done by constructing representative current-voltage (I-V)
curves for each type of degraded series block (with diodes if applicable),
and then numerically adding the I-V curves in series to obtain the resultant
I-V curve for each type of degraded source circuit. The power degradation
was obtained by subtracting the maximum power of the degraded source circuit
from that of an undegraded source circuit.

The curve-addition and maximum-power-determination process demands a
high level of precision and was entirely computer executed. To provide
uniformity in the results, and to allow various cell fill factors to be
dealt with explicitly, the series-block I-V curves were defined by the
following empirical equation:

I = I (l-e(1°74/(0'87'FF))(V/Voc'l)) - V/Rgp (A-3)
where:
I = current at voltage V

[g¢ = short-circuit current
FF = fi11 factor

Voc = open-circuit voltage
Rsh = shunt resistance

Degraded series blocks were modeled by appropriately scaling Ig. and Rgp to
reflect the loss of various numbers of parallel strings.

Because of the large number of cases involved, plots such as shown in
Figure A-3, were generated for special-case source circuits where all
degraded series blocks contain the same number of failed substrings. These
were then used to interpolate the power loss for source circuits also
containing degraded series blocks with fewer numbers of failed substrings.

Consider a source circuit having a fraction Fp series blocks with x
failed substrings and Fp_1 with x-1 failed substrings. If Fp Fp_y, the
series blocks with x failed substrings dominate and power loss can be
computed based on them. However, if Fy<<Fy_1, one of two possible cases
arises. The first is the case in which the }m series blocks dominate
(similar to the case when Fp_F,-1). The more difficult case to analyze
occurs when the power loss due"to the Fm series blocks is Tess than or
equivalent to that with Fy_; series blocks.

A-5



To illustrate this latter case, consider the example of a source
circuit having 2000 series blocks with x = 2, x-1 =1, F, = .005 and
Fn-1 = -065. This source circuit would have 10 series blocks with 2 failed
substrings and 130 with 1 failed substring. A first source-circuit power
loss would be determined from Figure A-3 for "Fraction of Failed Series
Blocks" equal to 0.005 and the "Number of Failed Substrings" equal to 2.
A second power loss would then be determined from Figure A-3 based on
"Fraction of Failed Series Blocks" equal to 0.065 and "Number of Failed
Substrings" equal to 1. The final power loss for the source circuit was
estimated based on the results of the two separate determinations.

5. Determination of the Array Power Loss Fraction

Once the power loss of the various classes of degraded source circuits
is available, the array power loss can be computed easily as the weighted
sum of these losses, where the weights are the fractions of source circuits
with a maximum of x failed substrings, for all values of x from 0 to the
number of parallel strings in the source circuit. These fractions are
displayed in Figure A-2 for the case of 4 parallel strings per source
circuit.
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z o 6 5
= —13
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E _/2 >
n 19
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- =
u 2
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Q.
= &
Q.01 1 <
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O o

b4

3 FILL FACTOR = 0.7
n

.001 L 1 1 ]

.0001 .001 01 .1 1
FRACTION OF FAILED SERIES BLOCKS PER SOURCE CIRCUIT

Figure A-3. Source-Circuit Power Loss as a Function of Failed Series Blocks
for Eight Parallel Strings, Without Diodes
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B.  ARRAY POWER-LOSS FRACTION CURVES

Because of the complexity of the above method for determining the array
power-loss fractions, steps 2 through 5 were repeatedly executed for a broad
range of array parameter values so as to prepare a number of graphical
curves that could be used for most system designs of interest. Figures A-4
and A-5 represent two example curves for the case of 8 parallel strings per
source circuit, a cell fill factor of 0.70, and with and without bypass
diodes. Appendix B contains a complete set of 24 graphs covering the
following parameter ranges:

0 1, 4, 8 and 16 parallel strings per source circuit
0 1, 4, 8 and 12 series blocks per bypass diode
0 0.70 and 0.76 fi11 factor

C. CONSTRAINTS AND CAVEATS

The analysis method described above, and the resulting curves in
Appendix B, are directly applicable to a broad variety of PV-array designs.
The use of the closed-form statistical treatment explicitly predicts the
distribution of various levels of spatially-adjacent failures that is so
important in the study of circuit redundancy. However, one limitation of
the analysis is the assumption in some cases that the fraction of elements
containing failures is the same as the probability that the element will
contain a failure. This is only strictly true when the number of elements
approaches infinity. In other words, the sample population being
investigated must be large enough to be properly characterized by the
probability distribution being used. For PV systems containing hundreds of
source circuits, each with hundreds of series blocks, the approximation
should be excellent. However, the approximations begin to deterijorate
quickly when the number of elements drops to the level of 10 or less. The
result of the poor approximation will be that small PV system may degrade
significantly more or less than the predicable average system depending on
the luck of the draw. This is analogous to trying to predict the output of
10 flips of a coin, as compared to an infinite number of flips, where heads
and tails can each be expected to occur 50% of the time.

A-7



1.0 g 7T TTTTITY T T T Ty T T T 17T T A

[ 8 PARALLEL STRINGS 3

- FF-0.70 §

[ NO D10DES i

0l k 3

= - 3

S w 3

5 o p

; I -

: - 2400 7

g oo g ;gf 3

o - 59 | SERIES 3

£ 00 | BLOCKS 3

o 50 > PER -

. 2 | SOURCE -
b CIRCUIT

& 0001 E 12 A

< 6 3

v 2 3

1 ~

O,anl Ao a1l L1 1 gatud 14t eanf 11 L idial

0. 0001 0.001 0.01 ol 1.0

Fgs. SUBSTRING FAILURE DENSITY

Figure A-4. Array Power Loss as a Function of Substring Failure Density
for Eight Parallel Strings, Without Diodes

LO v v T TV LTTTH0] T T T T U1

C 8 PARALLEL STRINGS .

L FF-0,70 -

L1 SERIES BLOCK PER 0100t i

=z 0lp 3

= - 3

=] o ]
<

E' o -

w [ -
v

3 oo f =

§ E 3

S - 1000,500 ;

= i ﬁg SERIES ]

o BLOCKS

< 000 30 > PER 3

4 SOURCE 3

}f CIRCUIT 3

2 ) 4

0,@1 At tiud Lt L 1iitil 1 L4t 1214) Lol i L itdd

0. 0001 0. 001 a.o01 0.1 1.0

Fgs, SUBSTRING FAILURE DENSITY

Figure A-5. Array Power Loss as a Function of Substring Failure Density for
Eight Parallel Strings, With One Diode per Series Block

A-8



. APPENDIX B
ARRAY POWER LOSS FRACTION CURVES

This appendix provides a collection of array-power-loss-fraction curves; a
separate graph is included for each combination of the following parameters:

(1) The number of parallel cell strings per source circuit
(2) The cell fill factor (FF)
(3) The number of series blocks per bypass diode

Each graph contains a number of separate curves, one for each of a variety
of different number of series blocks per source circuit. The parameter
values associated with each graph and its location in this appendix are
indicated below. For an explanation of the terms and symbols used here see
both Figure 1 (p. 3) and the Glossary at the beginning of the report.
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Jeff Meyer

1742 Crenshaw Blvd.

Torrance, CA 90501

MAKO Enterprises, Inc.
Attn: Ken Stone

6882 Via Angelina
Huntington Beach, CA 92647

MIT/Lincoln Lab
Attn: George Turner
Box 73

Lexington, MA 02173

Mobil Solar Energy Corporation
Attn: Juris Kalejs

4 Suburban Park Drive
Billerica, MA 01821

New Mexico State University
Attn: L. Matthews
G. Mulholland
P. O. Box 3450
Las Cruces, NM 88003

NYSERDA

Attn: Burton Krakow
2 Rockefellar Plaza
Albany, NY 12223

Oak Ridge National Laboratory
Attn: R. F. Wood
R. D. Westbrook
P, O. Box Y
Oak Ridge, TN 37830

Ohio State University
Welding Department
Attn: Charles Albright
190 West 19th Street
Columbus, OH 43210

Pacific Gas & Electric

Attn: Steve Hester
Kay Firor

3400 Crow Canyon Road

San Ramon, CA 94583

Public Service Company
of New Mexico

Attn: R. Frank Burcham

Alvarado Square, MS 0150

Albuquerque, NM 87158

Purdue University

Attn: Richard Schwartz

School of Electrical Engineering
West Lafayette, IN 47907

Sci-Tech International
Attn: Ugur Ortabasi

5673 W. Las Positas Blvd.
Suite 205

Pleasonton, CA 94566

SERA Solar Corporation
Attn: James Gibbons
3151 Jay Street

Santa Clara, CA 95054
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SERI

Attn: J. Benner
B. Sopori
T. Surek
E. Witt

1617 Cole Blvd.
Golden, CO 80401

SERI Library
1617 Cole Blvd.
Golden, CO 80401

Solarex Aerospace Division
Attn: Jerry Silver

Ramon Dominguez
201 Perry Parkway, Suite 1
Gaithersburg, MD 20877

Solarex Corporation
Attn: J. Wohlgemuth
630 Solarex Court
Frederick, MD 20701

SOLEC International, Inc.
Attn: Ishaq Shahryar
12533 Chadron Avenue
Hawthorne, CA 90250

Southern California Edison
Attn: Nick Patapoff

2244 Walnut Grove Avenue
Rosemead, CA 91770

Spectrolab

Attn: D. Lillington
12500 Gladstone Avenue
Sylmar, CA 91342

Spire Corporation
Attn: M. J. Nowlan
S. Tobin
Patriots Park
Bedford, MA 01730

Springborn Laboratories, Inc.

Bernard Baun
06082

Attn:
Enfield, CT

Stanford University
Attn: Richard Swanson
Ron Sinton
McCullough 206
Stanford, CA 94305
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Strategies Unlimited
Attn: Robert 0. Johnson
201 San Antonio Circle
Suite 205

Mountain View, CA 94040

3M Company

Solar Optical Products

Attn: Sanford Cobb, 235~BC-05
Paul Jaster, 225-2N-06
Al Zderad, 235, BC-05

3M Center

St. Paul, MN 55144

U. S. Department of Energy

Albuquerque, Operations Office

Attn: Dean Graves

P. O. Box 5400

Albuquerque, NM 87115

U. S. Department of Energy
Attn: Robert Annan

Morton Prince

Andrew Krantz

Lloyd Herwig

Richard King
1000 Independence Avenue, SW
Washington, DC 20585

University of Arizona

Solar & Energy Research Facility

Attn: D. E. Osborn
CE Bldg. #76
Tucson, AZ 85721
University of Chicago
Attn: Joseph O'Gallagher
5640 South Ellis Avenue
Chicago, IL 60637

University of New Mexico/NMERI
Attn: G. Leigh

Campus Box 25

Albuquerque, NM 87131

Varian Associates
Attn: N. Kaminar
G. Virshup
611 Hansen Way, MS K-124
Palo Alto, CA 94303
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Wattsun

Attn: John Doherty

P. 0. Box 751
Albuquerque, NM 87103

Westinghouse Electric Corporation
Attn: Charles Rose

P. 0. Box 10864

Pittsburgh, PA 15236

Wirtschaft Und Infrastruktur
GMBH & Co

Planungs-KG

Attn: Matthew S. Imamura

Sylvensteinstrasse 2

D-8000 Munchen 70

West Germany

Wright Patterson AFB
Attn: Jack Geis
AFWAL/POOC

Wright Patterson AFB, OH

1810 R. G. Kepler
1811 C. L. Renschler
1811 L. Salgado

1812 R. A. Assink
1820 R. E. Whan

1824 J. N. Sweet

1824 M. Moss

1830 M. J. Davis

1840 R. J. Eagan

6000 D. L. Hartley
6200 V. L. Dugan

6220 D. G. Schueler
6221 E. C. Boes

6221 L. C. Beavis
6221 J. E. Cannon
6221 J. L. Chamberlin
6221 C. J. Chiang
6221 A. B. Maish

6221 E. H. Richards (30)
6221 C. B. Stillwell
6223 G. J. Jones

6224 D. E. Arvizu
8524 P, W. Dean

3141 S. A. Landenberger (5)
3151 W. L. Garner (3)
3154-1 For DOE/TIC (8)
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