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ABSTRACT

In 1991, under a contract with Sandia for the Concentrator Initiative, the ENTECH
team initiated the design and development of a fourth-generation concentrator module.
In 1992, Sandia also contracted with ENTECH to develop a new control and drive
system for the ENTECH array. This report documents the design and development
work performed under both contracts. Manufacturing processes for the new module
were developed at the same time under a complementary PVMaT contract with the
National Renewable Energy Laboratory. Two 100-kW power plants were deployed in
1995 in Texas using the newly developed fourth-generation concentrator technology,
one at the CSW Solar Park near Ft. Davis and one at TUE Energy Park in Dallas.
Technology developed under the Sandia contracts has made a successful transition
from the laboratory to the production line to the field.
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Executive Summary

" Significant improvements in manufacturability and energy cost were achieved by
ENTECH , Inc. in the development of its fourth-generation photovoltaic (PV)
concentrator module. Additionally, improvements were made in tracking system
drive and controller design that benefit cost and reliability in both grid-connected
and stand-alone installations. These accomplishments were demonstrated in two
100-kW utility-purchased systems installed in Texas. With a manufacturing
volume of 10MW per year, ENTECH projects module manufacturing costs at $1.50
per watt, and system costs at $3 per watt, well below that of current flat plate
photovoltaic systems. This work dramatically advances the commercial potential
of photovoltaic concentrator technology for electrical power production.

Entech’s fourth-generation module is the largest PV module produced from any
manufacturer, It is 12 feet long and produces 430 Wp at 14% efficiency using 17%
efficient cells. Manufacturing improvements are numerous. The receiver section
was redesigned to halve the number of parts and eliminate curing wet adhesives.
The line-focus Fresnel lens is pre-laminated by 3M, reducing costly and
hazardous solvent bonding by ENTECH. 3M also developed a prismatic cell-cover
optical tape with a contact adhesive to replace individually molded and applied
silicone covers. Modified one-sun cells from four suppliers have been tested,
demonstating efficiencies between 17% and 19%. An overheating problem in low
winds with the third generation module was solved by developing a state-of-the-
art aluminum heat sink extrusion with 15-cm long, 2-mm wide fins. Cell
temperature under 21X concentration is now an acceptable 40 to 45°C above
ambient, which is only 10 to 15°C above one-sun PV module cell operating
temperatures.

To solve tracking control problems resulting from ac grid voltage spikes,
ENTECH developed a battery-powered drive system with a PV charger. Two
tracking control systems developed by Prime Industries and by Sandia National
Laboratories have been tested with the tracker. In addition to improving the
reliability of utility-scale systems, this has enabled ENTECH to offer a two-module
860Wp Sunline™ unit product for smaller applications.




1.0 INTRODUCTION & BACKGROUND

The ENTECH technical team has been developing, field testing, refining, and
commercializing photovoltaic concentrator systems since 1978 (Refs. 1-7). These
systems have been based on a patented arched Fresnel lens optical concentrator, which
provides maximum optical efficiency coupled with exceptional real-world error
tolerance (U.S. Patent No. 4,069,812). First-generation line-focus concentrator
systems were deployed in the early 1980's, and provided the highest system
performance levels of that era. Second-generation systems were deployed in the mid-
1980's, and provided better performance at lower cost. Third-generation systems were
deployed in the early 1990's. These systems were the first to use low-cost silicon cells
made by one-sun module manufacturers. '

One of the third-generation systems was deployed in early 1991 at the PVUSA test site
in Davis, California. This array has been independently tested side-by-side with other
leading photovoltaic technologies in array sizes of at least 20 kW. Figure 1 shows the
long-term resuits of this independent testing. The various technologies fall into four
performance groups: thin-film amorphous silicon arrays are lowest at about 3%
efficiency; polycrystalline silicon arrays are next at about 8% efficiency; crystalline
silicon is the highest of the one-sun arrays at about 10% efficiency; and the third-
generation concentrator is the highest performer at about 11% efficiency.

In 1991, ENTECH won a Sandia contract (#40-8941A) under the Concentrator
Initiative (CI) procurement. Under this CI contract, the ENTECH team initiated the
design and development of a fourth-generation concentrator module. In 1992, Sandia
also provided another contract (#87-5877) for the development of a new control and
drive system for the ENTECH array. During the same period, ENTECH was also
funded by NREL under the Photovoltaic Manufacturing Technology (PVMaT)
procurement to develop the manufacturing processes for the new module. This report
documents the design and development work performed under both Sandia contracts.
The manufacturing processes for the new module were developed under the
complementary PVMaT contract. Two 100-kW power plants were deployed in 1995,
using the newly developed fourth-generation concentrator technology. One plant is at
the CSW Solar Park near Ft. Davis, Texas. The other plant is at TUE Energy Park in
Dallas, Texas. Thus, the two largest utility companies in Texas are presently evaluating
the new technology.

The following sections discuss the development of the new module and array, and the
impact of the advances made under the two contracts (#40-8941A and #87-5877).
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- 2.0 MODULE DEVELOPMENT
2.1 Module Description

Figure 2 shows a cross-sectional schematic of the fourth-generation concentrator
module. There are four key functional elements in the module. The Fresnel lens
gathers and focusses the direct portion of the available solar irradiance into a focal line.
The solar cell packages are arranged along the focal line produced by the lens to
convert the sunlight to electrical power. The heat sink convectively dissipates waste
heat from the solar cell packages to the surrounding atmosphere. The housing structure
supports the lens and heat sink, and provides an environmental enclosure for the
internal surfaces of the module. Module assembly is accomplished by snapping
together six mating parts: the four sheet aluminum housing parts (two sidewalls and
two endplates), the receiver assembly (one heat sink with cell packages attached), and
the lens.

As further discussed in Section 2.2, the new fourth-generation module was designed
by a team of organizations, including all of the suppliers of key parts. One of the first
team design decisions for the fourth-generation module related to module size. To
minimize parts count, the largest practical module size is preferred from both cost and
reliability considerations. The lens aperture width limitation relates to the lens
manufacturing process. Since 1978, Minnesota Mining & Manufacturing (3M) has
produced the Fresnel lens for ENTECH, using the 3M-proprietary continuous Lensfilm
process. In the early 1980's, the maximum prismatic pattern width for the Lensfilm
process was 30 cm. By the late 1980's, this pattern width limitation was increased to
60 cm. By the early 1990's, the pattern width limitation was again increased to 100 cm.
First-generation modules used four strips of Lensfilm to form a lens with a 91 cm wide
aperture. Second- and third-generation modules used two strips of Lensfilm to form
a lens with a 91 cm aperture. For these earlier-generation lenses, the use of multiple
strips of Lensfilm to form a lens resulted in substantial yield losses during lamination
of the 0.5 mm thick Lensfilm to 3.0 mm thick acrylic superstrate material. Thus, the
decision was made to use a single strip of Lensfilm to form the fourth-generation lens.
As further discussed in Section 2.3, this decision resulted in a new module aperture
width of 85 cm, after arching the 100 cm wide Lensfilm material.

The other key module size dimension is module length. Since 1978, Consumers, Inc.,
has produced the marine-grade aluminum housings for ENTECH. To form the
sidewalls of the module housing, Consumers uses large presses with maximum length
limitations of 3.7 m. Thus, the decision was made to design the new housing at the
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upper end of this equipment limitation. This decision resulted in a new module aperture
length of 366 cm. The new module aperture area is 3.1 sq.m., which is the largest
photovoltaic module area of any type yet produced.

As further discussed in Section 2.4, solar cells for the new module are being made by
several leading one-sun module manufacturing firms. Presently, most of these firms
start their cell production process with 100 mm square wafers trimmed from 125 mm
diameter silicon wafers. As further discussed in Section 2.3, this wafer size is well
matched with the new lens size if two rectangular concentrator cells (about 50 mm total
width by about 100 mm total length) are cut from each square wafer. Using such cells,
37 cell packages will fit end-to-end along the heat sink in the focal line produced by the
lens. These cell packages are electrically interconnected in series to provide a module
voltage slightly higher than most one-sun modules, which typically use 36 cells in
series. As further discussed in Sections 2.5 and 2.6, each cell package incorporates a
prismatic cell cover to eliminate gridline obsuration losses and thereby boost cell
performance. Each cell package also includes bypass diodes to protect the cell in case
of shadowing.

As further discussed in Section 2.8, the cell packages are bonded to the heat sink using
a proprietary new dry-film process. The dry film beneath the cell packages provides
dielectric 1solation between the cell circuit and the heat sink, as well as low thermal
resistance between these parts. The entire cell circuit is also encapsulated with a
second dielectric film above the cell packages. The assembly of interconnected cell
packages, dielectric layers, and heat sink is often called a photovoltaic receiver. The
new photovoltaic receiver assembly approach is the subject of a pending U.S. Patent.

The heat sink beneath the cell packages is needed to reject the waste heat resulting
from the incomplete conversion of the focussed sunlight into electrical power. Under
peak irradiance conditions, about 2 kW per receiver of waste heat must be dissipated
to the surrounding atmosphere by convection. In the early 1980's, for second-
generation modules, the convective heat sink was made by fabricating hundreds of fins
and attaching these fins to the bottom of the cell mounting plate with an adhesive. A
much more cost-effective method of mass-producing a large convective heat sink is by
the aluminum extrusion process. Such an extruded heat sink was used on the third-
generation concentrator module. However, the size of the third-generation heat sink
was limited by available extrusion processes to a total fin area of about 1.7 sq.m. per
meter of extruded heat sink length. In the early 1990's, this third-generation heat sink
had the highest fin area/extruded length ratio yet achieved. For the fourth-generation
heat sink, a new team member, Columbia Aluminum, was willing to attempt the




extrusion of a new heat sink with twice the total fin area of the third-generation heat
sink. As further discussed in Section 2.7, Columbia was successful in producing the
new heat sink, which provides a phenomenal 3.4 sq.m. of fin area per meter of extruded
heat sink length.

For the total heat sink length of 3.7 m, the new heat sink provides.12.4 sq.m. of total
fin area per module. This fin area is 4 times the aperture area of the module. The ratio
of heat transfer area to module aperture area is a key parameter in determining -
operating cell temperature, for either concentrator or one-sun modules. For a roof-
mounted one-sun module, this ratio is about unity. For a frame-mounted, exposed-back
one-sun module, this ratio is about 2., Thus, compared to a roof-mounted one-sun
module, the fourth-generation concentrator has 4 times as much heat transfer area per
unit aperture area. Compared to a frame-mounted one-sun module, the fourth-
generation concentrator has 2 times as much heat transfer area per unit aperture area.
With the new heat sink, the fourth-generation concentrator module has cell operating
temperature levels much lower than for earlier generation concentrator modules.
Indeed, side-by-side tests at both ENTECH and Sandia have confirmed that the cell
operating temperature levels are similar for the new concentrator and for frame-
mounted one-sun modules, as further discussed in Section 2.7.

As further discussed in Section 2.9, the electrical performance of the fourth-generation
module is directly related to cell performance. The lens provides 90% net optical
efficiency at 21X geometric concentration ratio. The encapsulating layer above the cell
package circuit provides a transmittance of 94%. The cell package packing factor on
the heat sink is 98%. The product of these three factors times the cell efficiency equals
the module efficiency. The power output of the module equals module efficiency times
aperture area times available direct normal irradiance. Under standard test conditions
(STC) of 1,000 W/sq.m. irradiance and 25C cell temperature, the module output is
about 430 W with 17% efficient cells, or about 480 W with 19% efficient cells. In
terms of aperture area (3.1 sq.m.) and power output, the new module is clearly the
largest and most powerful photovoltaic module of any type yet produced.



2.2 Team Development Approach

At the outset of the development program, a team of experts was assembled to
simultaneously design the new module and its production processes. This team
includes all key component suppliers, independent manufacturing experts, government
lab technical personnel, as well as ENTECH's in-house technical staff. Key team
members outside of ENTECH are identified in Table 1. 3M is the team member for
optical components. Four of the leading silicon cell and one-sun module manufacturers
from around the world are the team members for the concentrator cells and bypass
diodes. The principal maker of solder-plated copper ribbon for the one-sun module
industry is a team member. DuPont is the team member in the dielectric tape and film
area. Consumers, Inc., continues to be the team member for module housings.
Columbia is the heat sink team member. Two manufacturing technology firms, AIT
and Klos, are also team members. Both National labs responsible for the Department
of Energy's photovoltaic program are team members.

The team approach began at the brainstorming, conceptual design stage of the process
and has continued through initial production and field deployment of the new module
technology. Throughout, one key goal of the team approach has been to make
maximum use of team members' existing production processes, rather than developing
new in-house processes. A second key goal has been to incorporate continuous
production processes instead of batch processes, wherever possible. Such continuous
processes are obviously better equipped for high volume production at low cost than
batch processes. A third key goal has been to minimize the number of parts and the
number of process steps required to make a module. A fourth key goal has been to
relax allowable tolerances in module assembly, installation, and operation. The results
of this team approach are described in the following sections.
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2.3 New Fresnel Lenses

Two new versions of ENTECH's patented arched Fresnel lens line-focus optical
concentrator have been designed, tooled, and produced. Figure 3 shows the basic
design approach used by ENTECH to define a new lens. The same design approach
has been successfully used for the past two decades on all previous generations of the
arched lens. The shape of the lens is dictated by the symmetrical refraction constraint
used by ENTECH to maximize the lens optical efficiency and to minimize the effects
of lens shape errors (U.S. Patent 4,069,812). This symmetrical refraction constraint
dictates that each solar ray passes through the lens symmetrically in terms of its angles
of incidence and emergence at the two lens/air interfaces. At any location in the lens,
the angle of incidence of a ray relative to the smooth outer lens surface is equal to the
angle of emergence of the ray relative to the prismatic inner lens surface. While this
condition defines the basic lens shape, it does not define the scale nor the rim angle
(equivalent to F Number) of the lens. The scale is selected to match the 3M Lensfilm
process maximum prismatic pattern width. The rim angle is selected to maximize the
concentration ratio in the presence of expected sun-pointing errors. For the fourth-
generation module, both new versions of the lens provide the same focal length
(73 cm), rim angle (40 degrees), and aperture width (85 cm). Both new lens versions
are designed to focus sunlight onto a solar cell with an active width of 4.1 cm. Thus,
the geometric concentration ratio for both versions is 21X (85 cm/4.1 cm). The only
difference between the two new lens versions relates to sun-pointing error tolerance.
One version, designated Solar Concentrating Lensfilm 1000 (SCL-1000) by 3M, is
designed to accommodate up to + 0.75 degree sun-pointing error levels, with only a
10% drop in optical performance. The other version, designated SCL-3000 by 3M, is
- designed to accommodate up to + 1.0 degree sun-pointing error levels.

For more than a decade, ENTECH has successfully used the short-circuit current output
of a scanning, 1 mm wide silicon cell to measure the photon flux profile across the focal
plane of a Fresnel lens. Using this proven test, the focal plane irradiance profiles were
scanned for both new lenses, with results shown in Figure 4. The net optical efficiency
of the lens can be obtained by integrating under each of the two curves of Figure 4. For
a 4.1 cm wide cell, this integration provides a net optical efficiency of 90% + 1% for
both new lenses.
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A second measurement of net optical efficiency was conducted by monitoring the short-
circuit current output of a full-size cell with an active width of 4.1 cm. This test also
provided a net optical efficiency measurement of 90% + 1%. This same full-size cell
test setup was also used to measure the sun-pointing error tolerance of both new lenses,
with normalized results shown in Figure 5. Note that the mild-focus SCL-1000 lens
loses less than 10% of its on-track performance up to + 0.8 degree sun-pointing errors.
Similarly, the sharp-focus SCL-3000 lens loses less than 10% of its on-track
performance up to + 1.0 degree sun-pointing errors.

Lens/cell combinations for the previous generation of modules were designed to
accommodate only + 0.25 degree sun-pointing errors. Thus, the fourth-generation
module is designed to accommodate 3 or 4 times larger sun-pointing errors than earlier
modules, depending on the new lens version selection. This increased sun-pointing
error tolerance clearly provides a more robust module and array.

For prior generation lenses, ENTECH laminated the 0.5 mm Lensfilm to 3.0 mm thick
acrylic superstrate material to form a single-piece lens. For the fourth-generation
lenses, 3M provides pre-laminated, module-ready lenses. ENTECH no longer has to
maintain a lamination facility and no longer has to absorb the yield losses associated
with this batch process. Furthermore, ENTECH no longer must worry about the
environmental, safety, and health (ES&H) concerns associated with solvent lamination.
Finally, module-ready lens prices from 3M are very reasonable. In megawatt
quantities, these lens prices are equivalent to about 30 cents per watt.

12




(899.433p) SIXY [€d1311)) Y} INOQY Joax7 SunpuioJ-ung
0S'T STT 00°T SL°0 0S°0 STO0 000 ST'0- 05°0- SL°0-00°I- ST'I- 0S°'1-

0

o0 a?

By

0 3=

¢ S5

0 oF

0S £ S

> A0 = A

N wysud 0001-10S /o, A5
~, ) W m -

- 08 =

~ < . 06

WysudT 000€-1IS

EPIAL [1PD ALY U [
PIPIAA AINLRAY SUT Wd S8

| HO31N3

SU97 9y} JO SUOISI9A OM] J0J 32UBID|[O] 1041
Bunuiod-ung ||99/sua] painses|\ - G b1




2.4 New Solar Cells

ENTECH's first- and second-generation modules used relatively expensive concentrator
cells from Applied Solar Energy Corporation (ASEC). In the mid-1980's, ENTECH
began to explore the use of one-sun type cells being made by one-sun module
manufacturers, including ARCO Solar and Solarex. In the late 1980's and early 1990's,
Solarex provided the cells for ENTECH's third-generation modules, including those for
the 20 kW array at the PVUSA test site in Davis, California. In 1991, Sandia provided
a separate Concentrator Initiative (CI) cell development contract to Solarex to develop
the next generation of concentrator cell for ENTECH's fourth-generation module.
During the early 1990's, ENTECH also began working with three other cell suppliers,
ASE, BP Solar, and Siemens Solar. By 1993, all four cell suppliers were able to
provide excellent cells for ENTECH's fourth-generation module.

All four cell suppliers start with squared wafers cut from round silicon wafers, as
shown in Figure 6. Two of ENTECH's rectangular cells can be obtained from each
squared wafer. Dual busbars are used on each cell to minimize gridline resistance
losses. Parallel gridlines are used to be compatible with ENTECH's prismatic cell
cover, which is further discussed in Section 2.6. Beyond these similarities, the four cell
suppliers use significantly different manufacturing processes. Solarex uses diamond
saws to groove the cell to form buried front contacts. BP Solar uses lasers to groove
the cell to form buried front contacts. ASE uses a shadow mask evaporation process
to form the front contacts. Siemens uses screen-printed front contacts. The four firms
are also at different stages in the development cycle of the concentrator cells. ASE and
BP Solar have both produced thousands of cells under commercial orders from
ENTECH. Siemens has only produced sample quantities of cells for ENTECH, but has
produced production quantities for another concentrator firm, SEACorp. Solarex has
only produced sample quantities of cells for ENTECH, but has provided quotations for
multi-megawatt cell quantities for utility-scale applications.

In a normal one-sun module, a 100 mm square wafer would provide about 1.5 W of
power. If the one-sun cell manufacturer can produce the 100 mm square one-sun cell
for $3 per watt, this equates to $4.5 per wafer. In ENTECH's module, this same wafer
would provide about 28 W of power at an 18% cell efficiency. At $4.5 per wafer, this
equates to 16 cents per watt for the cell cost in ENTECH's concentrator module. Even
if the extra gridlines and the two-cell separation required for the ENTECH concentrator
cell were to cause the wafer price to double to $9, this still equates to only 32 cents per
watt for the cell cost in ENTECH's module. Thus, the marriage of one-sun type cells
with ENTECH's 21X concentrator provides a direct path to cost-effective silicon cells.

14
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The measured performance levels of cells from all four suppliers are presented in
Section 2.9. Integration of the cells into usable cell packages is discussed in the
following section.
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2.5 New Cell Package

Figure 7 shows the new cell package (patent pending) which is presently used in
ENTECH's fourth-generation concentrator module. ENTECH's cell package has
undergone a major evolution during the first half of the 1990's. As late as November
1992, ENTECH's cell package still incorporated more than twice as many parts as the
package shown in Figure 7, and production of the package required numerous wet
process steps. The latest cell package requires only 8 mass-produced parts, and is
produced without a single wet process step. Key features of the new package are
‘described in the following paragraphs.

In prior generation modules, bypass diode protection was provided by a separate diode
circuit. This separate diode circuit required soldering, heat sinking, laydown, and
encapsulation processes which were nearly as costly as the cell circuit processes. By
mcorporating rectangular bypass diodes between the top and bottom interconnector
ribbons of each cell (Figure 7), this separate bypass diode circuit is completely
eliminated. Furthermore, the diodes replace expensive dielectric material which was
formerly required between the top and bottom interconnectors. The bypass diodes are
very easily made by one-sun cell suppliers on fully metallized solar-grade wafers. For
example, BP Solar has provided cost-effective diodes which are made in lots of 26 per
wafer.

In prior generation modules, stamped copper interconnectors with multiple fingers were
used. These interconnectors were soldered to the cell busbars with flux-laden solder
paste. Ultrasonic cleaning was required to remove the flux residue. The new cell
package uses interconnectors formed from continuously produced solder-plated copper
ribbon. The same ribbon material is used by most one-sun module manufacturers
around the world for stringing one-sun cells into module circuits. A mild, no-residue,
no-clean flux is used during ribbon soldering to the cell busbars and to the bypass
diodes to form the new cell package. No post-soldering cleaning step is required. The
triangular shape of the ribbons allows two interconnectors to be obtained from each
10 cm long portion of 2.5 cm wide ribbon. The triangular shape is well matched to the
linearly increasing current level in the interconnector as it accumulates current from one
end of the cell to the other end. The new solder-plated ribbon costs 80% less than the
old stamped interconnector and solder paste materials, and is much easier to handle.
In small quantity orders, the triangular ribbon interconnectors cost about a nickel
apiece. A small rule die chopper station, developed with PVMaT funding, is used to
cut the triangular pieces from a continuous reel of ribbon material at rates equivalent
to 10 MW/year.
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In prior generation modules, a silicone prismatic cover was bonded to the top of the
solar cell using liquid silicone adhesive. This process was messy, labor-intensive,
difficult, and slow. The new cell package uses prism cover tape from 3M. Each roll
of prism cover tape includes 3,500 precisely die-cut prism covers, each equipped with
a pressure sensitive adhesive (PSA) for rapid bonding of the cover to the cell. Using
a microscope-aided cover alignment and attachment work station, the new prism cover
tape can be applied by one operator at rates faster than one cell per minute. Although
this production step could be fully automated for very large production rates
(> 10 MW/year), it is more cost effective to use a human operator for current
production rates. |

A number of problems had to be overcome to develop and implement the new prism
cover tape. Many candidate PSA’s were evaluated and rejected before the final
selection was made. Even with the selected PSA, the silicone prism cover material
requires careful corona-discharge surface treatment to enable an aggressive bond to the
PSA. In addition, to preclude bubble formation in the PSA due to thermal and humidity
cycling, the receiver assembly must be well encapsulated against moisture infiltration.
Fortunately, the new receiver assembly process discussed in Section 2.8 is fully
compatible with the new prism cover tape.

In the early 1990's, numerous attempts were made by the ENTECH technical team to
incorporate dielectric protection and structural support into the cell package. One such
attempt used alumina-loaded silicone both beneath the cell and above the
interconnectors, all supported in an aluminum pan structure. An automated commercial
potting machine was investigated in this effort. These attempts resulted in relatively
cumbersome cell packages, which employed numerous parts, which were difficult to
interconnect, and which had high levels of thermal resistance between the cell and heat
sink. By abandoning these attempts to encapsulate the cell package as a unit, the entire
package design has evolved into an elegantly simple assembly.
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2.6 New Prism Cover Tape

Figure 8 shows a cross-sectional view of the new prism cover tape. The silicone prism
cover optical elements are formed into the upper surface of the tape. The planar lower
surface of the silicone prism cover is equipped with a pressure-sensitive adhesive
(PSA). To apply the cover to the cell, the operator uses microscopic aids to look
through the cover onto the cell before the PSA is allowed to contact the cell. The cover
1s moved in X-Y-Theta to align the optical elements to the gridlines, and the PSA is
then pressed against the cell to form a strong, durable bond.

3M makes the prism cover tape to ENTECH specifications (U.S. Patent No.
4,711,972). Each roll of prism cover tape contains 3,500 precisely die-cut prism
covers. The PSA side of the each cover is attached to a release liner in the same
manner as a roll of labels for a laser printer. To protect and rigidize the silicone optical
elements, each prism cover also has a removable liner on the optical element surface
(the upper surface in Figure 8). In megawatt quantities, the new prism cover tape costs
about 30 cents per cell. For typical production cells from ASE, the prism cover tape
increases the bare cell output of 8 W to about 14 W for the prism covered cell
assembly. Thus the 6 extra watts of cell power cost about 5 cents each, for an
enormous benefit to cost ratio.
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2.7 New Heat Sink

The new heat sink was described in some detail in Section 2.1. The aluminum
extrusion is made to ENTECH specifications by Columbia Aluminum. As shown in
Figure 2, the heat sink includes 11 fins, each 15 cm long. The fins are tapered in
thickness from the root to the tip, with an average thickness of about 2 mm. The fins
are arranged in a star-burst radial pattern, which is very efficient from a thermal
conduction viewpoint. A solid semi-circular bulb is formed at the base of the fins, with
a flat top for cell package mounting. A 3.7 meter long heat sink weighs about 55 kg
(120 pounds). In 1994, ENTECH purchased about 600 heat sinks for commercial
orders at a price of about $1.25 per pound. Thus, the heat sink cost is equivalent to
about 30 cents per watt of module output.

As previously described in Section 2.1, the new heat sink provides total fin area which
is 4 times the module aperture area. This large ratio of heat dissipation area to energy
collection area results in low cell operating temperature levels, even under the most
adverse conditions (low wind, high ambient, high irradiance). As described in more
detail below, side-by-side tests at both ENTECH and Sandia have shown that the
module and cell temperature levels are now very similar for the ENTECH concentrator
module and for one-sun modules. Compared to the ENTECH third-generation
concentrator modules at the PVUSA test site in Davis, California, the new heat sink
provides more than twice the heat transfer area to aperture area ratio.

Figures 9 through 11 present Sandia’s side-by-side thermal test results for the fourth-
generation concentrator module versus three different one-sun modules (Siemens,
Solarex, and Mobil [now ASE America]). All of these modules were mounted on the
same two-axis tracker at Sandia. The one-sun modules all had their back surfaces fully
exposed to the atmosphere to enhance convective cooling. Figure 9 shows the
measured module temperatures at low wind speeds for ENTECH, Siemens, and Solarex
modules, all corrected to PVUSA reporting conditions as shown in the figure. The
ENTECH module temperature was measured in the bulb of the heat sink, just beneath
the cell string. The one-sun module temperatures were measured on the back surfaces
of the modules. Note that the measured module temperatures are all the same within
about a 10C spread, which is about the same as the variation in the measurements for
each module. These data show that the module temperatures are all about the same.

Figure 10 shows the estimated cell temperatures for the same three modules. Sandia

estimates the cell temperature based on open-circuit voltage measurements for all three
modules. These data show that the ENTECH cell temperature is typically about 10C
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warmer than the Siemens cell temperature, which is slightly warmer than the Solarex
cell temperature. The slightly higher cell temperature for the ENTECH module than for
the one-sun modules is due to the heat transfer between the cell and the heat sink. The
waste heat in the concentrated solar flux must be conducted through the dielectric layer
beneath the cells into the aluminum heat sink in the ENTECH module, with a resulting
temperature differential between the cells and the heat sink. Thus, although the heat
sink is at the same temperature as the one-sun modules (Figure 9), the cells are slightly
warmer in the concentrator module (Figure 10).

Figure 11 shows more side-by-side Sandia data, comparing the ENTECH concentrator
to the Mobil (now ASE America) one-sun module. These data show the estimated cell
temperatures to be almost the same. The data of Figure 11 were taken around the
beginning of April, while the data of Figures 9 and 10 were taken around the beginning
of June. The slightly lower sun elevation angles for Figure 11, coupled with the glass-
on-glass construction of the Mobil module, may explain why the ENTECH cell
temperatures are closer to the Mobil cell temperatures than to the Siemens or Solarex
cell temperatures. In any case, the data of Figures 9 through 11 show that the new heat
sink provides excellent cell cooling performance under all wind speed conditions.
Under typical operating conditions (~ 3 m/s wind, 20C ambient, 850 W/sq.m. direct
irradiance), the ENTECH cell temperature is 50-55C.
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2.8 New Receiver Assembly Process

Figure 12 shows a photovoltaic receiver assembly, which consists of 37 series-
connected cell packages mounted to one extruded heat sink. With materials help from
DuPont, ENTECH has recently developed a proprietary new process (patent pending)
for assembling the photovoltaic receiver. This process involves two dry film processes
to mount and encapsulate the cell package circuit. The first dry-film process is used
to mount the cells to the heat sink, with a thin layer of Tefzel dielectric film between
these parts. The second dry-film process is used to encapsulate the upper surface of
the cell package circuit with another layer of Tefzel dielectric film. Both filim processes
are accomplished using commercially available tape and film dispensing and
application equipment from 3M. The dielectric isolation between the cell package
circuit and the heat sink is excellent, as is the isolation between the cell package circuit
and the surrounding atmosphere. The thermal resistance between the cell packages and
the heat sink is very low, resulting in only a 10-13 C cell-to-heat sink temperature
difference under peak irradiance conditions as confirmed by Sandia. The new receiver
assembly process has eliminated more than 300 parts per receiver compared to the
previous receiver assembly process. The elimination of all wet silicone layers in the
receiver assembly process has been a joyful experience at ENTECH. The details of the
new process will not be made public until the pending U.S. patent is published. Since
the U.S. Patent Office has already allowed claims in the pending application, patent
publication is anticipated within the next year. Although the process details cannot yet
be disclosed, ENTECH is pleased to report that the new process is simple, streamlined,
and rapid, with significant quality advantages and cost savings.
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2.9 Cell and Module Performance

Figure 13 shows the relationship between module efficiency and cell efficiency for the
fourth-generation concentrator. The measured lens optical efficiency is 90%. The
measured Tefzel encapsulating layer transmittance is 94%. The cell package to
receiver packing factor is 98% (i.e., the total active length of all 37 cells is 98% of the
lens aperture length). The product of these three factors times cell efficiency provides
an accurate estimate of module efficiency. With 17% cells, the module efficiency is
about 14%. With 19% cells, the module efficiency will be about 16%. With 22% cells,
the module efficiency will be about 18%.

Figure 14 shows the present status of cell efficiency for the four cell suppliers. Solarex,
BP Solar, and ASE have delivered cells which have been independently measured by
Sandia to be 18.9% efficient at 19 suns irradiance (Air Mass 1.5 Direct [AM1.5D]
spectrum) and 25C cell temperature. Siemens has delivered cells which have been
measured by Sandia to be 17% efficient under the same conditions. All cells were
tested in cell packages, including prismatic cell covers and copper ribbon
interconnectors, as described in Section 2.5.

The data of Figure 14 don't tell the whole story of cell efficiency. These cells are
representative of the best-performing cells from all four suppliers. A more meaningful
performance index is the lot-average cell efficiency for a large production run of cells.
ENTECH has just completed two 100 kW module production runs, using over 20,000
cells from ASE. The lot-average efficiency of the cell packages produced with these
cells is slightly over 17% at 19 suns irradiance and 25C cell temperature. The
measured outdoor performance for two modules using these production cells is shown
in Figure 15. Both modules used mild-focus SCL-1000 lenses from 3M, as described
in Section 2.3. Two different lens thicknesses were utilized, with no impact on module
performance. Note that the operational power output of each module was just under
400 W at irradiance levels of 920-940 W/sq.m. and an ambient air temperature of 5C.
Sandia later tested both modules very thoroughly, and rated each at about 430 W at
standard test conditions (STC) of 1,000 W/sq.m. direct irradiance and 25C cell
temperature. Since the module has an aperture area of 3.1 sq.m., this 430 W power
level equates to a module efficiency of about 14%, in close agreement with the data of
Figure 13 for 17% efficient cells.
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All four of cell suppliers are continuing to make gains in cell performance. Solarex has
provided quotations to ENTECH related to 20% lot-average efficiency levels. BP Solar
likewise expects to reach the 20% threshold with their latest laser-grooved cell
technology. ASE has provided sample cells with various performance-boosting
features which will keep their cells in the competitive range with the other suppliers.
Other cell suppliers have also proposed designs and/or provided samples of their
advanced silicon cells. Thus, module performance levels are expected to continue an
upward trend for the foreseeable future.
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3.0 ARRAY DEVELOPMENT

In addition to the module development work described in the previous Section 2.0,
ENTECH also developed a new array drive and control system for use in fourth-
generation concentrator systems. The new drive and control system was developed to
overcome recurring problems with the third-generation drive and control system
installed with ENTECH's 20 kW array at the PVUSA test site at Davis, California. At
the Davis site, the ac power grid is subject to transients caused by large nearby variable
loads (e.g., canneries) and by several on-site inverters which convert the solar-
generated power from dc to ac. Significant voltage disturbances on the ac grid have
been monitored by the operators of the site. ENTECH's third-generation controller and
drives were both ac-powered. When line disturbances occurred, the solid-state relays
which controlled the power to the tilt and roll drive motors would malfunction, causing
the motors to try to run in both directions at once. A number of failures of solid-state
components, ranging from fuses to logic chips, occurred over the first 3 years of system
operation. To overcome this problem for future systems, ENTECH proposed to Sandia
the development of an all-dc control and drive system, completely de-coupled from the
ac grid during the daylight operating hours. The proposed system would use 12 V lead-
acid batteries to provide energy for the controller and drives. At night, a small trickle
charger would be used to replace the energy drawn from the batteries during the day.
The rationale behind this design approach was simple: an all-dc system would be
immune to ac line disturbances and would provide a built-in uninterruptible power
system (UPS) for the tracking controller and for emergency stow functions. Sandia
approved the ENTECH proposal for funding. The following sections describe the
implementation of the new drive and control approach for several recently installed
large arrays, which ENTECH calls SolarRows.

3.1 SolarRow L‘;arge Array Description

Figure 16 shows a typical SolarRow large array of ENTECH's fourth-generation
concentrator modules. The SolarRow is believed to be the world's largest two-axis
photovoltaic sun-tracker. The SolarRow contains 72 modules with a total aperture area
of 220 sq.m. and a total operational power output of about 25 kW. Figure 17 shows
another view of the SolarRow. Each row is over 100 meters long in the east-west
direction, and represents a unitized steel structure. The structure tilts from north-to-
south via shafts and bearings on 13 posts. The 72 modules mounted in the SolarRow
frame roll from east-to-west in Venetian blind fashion via shafts and bearings on both
ends of each module. The measured power output for each of four SolarRows, under
typical operating conditions, is provided in Figures 18 and 19.

34



[[€ISu] 0} Ase7] «

mdinQ MY s <

3IN)INI)S PIZIULA[EN)

sunjoea], ung [[nJg
danydy wrbs g7z

SI[NPOJAl TL

ouj ‘HO3LN3
yied ABiauz 31 e Aedsy moyie|os - 9| "Bi4




S|0Jju0) pue
SOALIQ HLL/IOY «
SI|NPON 2L «

awel

|99)S 49Yjabo |
-jjog auQp «
$}S0d [99]S €| «
si1dld ¥l «
:sasudwon moy

Buot-w-y0L yoeg e

)lied Jejos

 MS9 1e SMOYJe|0S
ino4joaup e

36

ou| 'HOILN3
Mied Jejog MSO Je Aedly moyJe|os - | “Big




S)OA DA

009 00s 00¥ 00¢ 007 001 0
0
SINPOA PAUSI[Y-43noy - SISudT Auiq ol
/ e 0S-0f- S€-01 ~dwiy 07
~ JUIIquI
r D S1-01 ~ yRiqury 0f o
@
>
"wrbs/m 0S6-0¥6 ~ INA E]
=
or =#
[
0s «
09
0L

EITRREITE]
9oUBWLIOMAd MOYIB|OS palnsea\ - g1 “Bi4




$)0A DA

009 00S 00¥ 00¢ 007 001 0
: , 0
§
} o1
i SI[NPOA] PIUSIY-YSNoY - SISUIT LM
;
3
; wd o7 - We gpiff ~duwny 0c
\ |
3 D S1-01 ~ ywiqury 0f o
\1 | | 2
y ‘wrbs/m 086 ~ IN 5
: k-
1 oy
e 0s %
MH 97 ———-
A b —— 09
P A0y N
€ MOY ox e o . o
—— oL

S661 ‘€I Atenuer - § pue ¢ SMoY HOALNI - YIed 12[0§ MSD

Ul 'HO3LN3
aouBWIOLDd MOY¥Je|og painsea|\ - 6| "Bl




3.2 New All-DC Controls and Drives for SolarRow

Figure 20 shows the center post of a SolarRow, and summarizes the equipment which
is installed there. ENTECH refers to this region as the "brains and braun" center of the
SolarRow. The microprocessor controller provides the "brains" and the tilt and roll
drives provide the "braun" to continuously aim the modules toward the sun. The tilt
drive system uses a 10-ton ball screw jack powered by a 240 W 12 V dc motor. The
roll drive system uses a 3/4-ton ball screw jack powered by a 100 W 12 V dc motor.
The control system is made by Prime Manufacturing Company, and includes all
hardware and software required to position the two array drives using reed switch
sensors for position feedback. Two 60 AH batteries are used to provide energy for
daytime operation. One battery powers the controlier and small roll drive motor. The
other battery powers the larger tilt drive motor. Each of these batteries is recharged
each night using a 1-amp trickle charger, which is switched on via a photocell darkness
detector at sunset. Color-coded, non-interchangeable cables with military-style, plug-
type connectors are used to connect the drive motors to the controller. In addition, a
simple omni-directional, aerodynamic drag-type, high-wind limit switch, used to trigger
an emergency stow function, is also connected via cable to the controller.

Figure 21 shows the controller junction box and the key components found therein.
Four fuses, corresponding to the four conductors going to the two batteries, are used
to protect the electronics and motors from over-current conditions. Solid-state relays
are required to switch the 20 A tilt motor, with drive signals provided by the Prime
controller board. The smaller 8 A roll motor is directly switched by a transistor
network on the Prime controller board. The entire control system is a replaceable
junction box assembly. The unit can be unplugged and removed from the mounting
structure within minutes. A replacement unit can then be attached to the mounting
structure and plugged in within minutes. The only field data inputs required are the
date, time, and home limit switch locations for the roll and tilt actuators. These field
data inputs are readily programmed via four buttons with an LCD display providing
alphanumeric feedback to the operator. All other parameters can be factory-
programmed.

The new all-dc system has been deployed at ENTECH in Dallas, at PVUSA in Davis,
California, at CSW Solar Park in Ft. Davis, Texas, and at TUE Energy Park in Dallas.
Results to date have been excellent. The controller is reliable and robust. The only
significant problem to date has related to an initially undersized roll drive, which
formerly used a 600 pound jack, but which has now uses a 1,500 pound jack.
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3.3 SunLine Small Array Description

Figure 22 shows a two-module small array, called SunLine by ENTECH. This small
array also uses the new all-dc control and drive system described in the last section.
The only difference is that solid-state relays are not needed to run the small 30 W 12 'V
dc motors which provide roll and tilt tracking functions for the small array. The
transistor networks on the Prime controller board are sufficient to switch the power for
these small motors. Two identical 600 pound jacks are used for both drives on
SunLine. A key advantage of the new all-dc controller and drive system for SunLine
is that off-grid applications are readily addressed. Battery charging for the single 30
AH 12 V battery used with SunLine is accomplished with a 5-watt one-sun module
mounted directly to the galvanized steel frame. This battery/module sizing provides
adequate energy for the controller and both motors to tolerate 2-3 weeks of cloudy
weather, while also precluding the need for any charge control electronics.

In addition to the Prime controller, ENTECH has also been testing a Sandia-developed
SolarTrak controller for several years. The latest SolarTrak unit has performed
flawlessly on a SunLine unit at ENTECH for more than six months. ENTECH has
been granted a SolarTrak license by Sandia.

In summary, ENTECH has developed an all-dc drive and control system which is

applicable to both large arrays (SolarRow) and to small arrays (SunLine). The new
approach is much simpler and more reliable than prior generation approaches.
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4.0 NEW SYSTEM COSTS & ECONOMICS

ENTECH's fourth-generation concentrator module manufacturing cost includes the
purchased component costs (the lens from 3M, the cells from one of four suppliers, the
~heat sink from Columbia, the module housing from Consumers, and several small
items) and the module assembly costs. Because these items are in production and
pricing data have been obtained from the suppliers, these costs are well quantified.
They are also strong functions of annual production volume. The lowest curve in
Figure 23 shows the module manufacturing cost versus annual production rate. Note
that at 10 MW/year, the module manufacturing cost is about $1.50 per watt. The
balance of systems (BOS) costs include the SolarRow structure, the dc drives and
controls, the foundations, wiring, and the power conditioning system (inverter). For
ENTECH's technology, these BOS costs are slightly less than the module costs. The
middle curve in Figure 23 includes module costs plus BOS costs. The highest curve
in Figure 23 includes module costs plus BOS costs plus a 25% gross profit margin on
both. This curve is equivalent to an installed system price. Note that this system price
falls below $3 per watt at about 10 MW/year production rate.

The energy cost for such systems depends on two additional factors: the system annual
capacity factor (at least 21% for a high insolation location like Phoenix, Albuquerque,
Barstow, etc.) and the owner's annual fixed charge rate on invested capital. The fixed
charge rate depends on many factors, including the sources of funds, tax situation, etc.
Two values of the fixed charge rate (5% and 10%) are represented by the two curves
of Figure 24. These two curves present the levelized energy cost corresponding to the
system prices of Figure 23. For example, at 10 MW/year production rate, the system
price is about $3 per watt in Figure 23. For a 5% capital recovery factor, this system
price provides electricity at a levelized price of 8.5 cents per kWh, as shown in Figure
24. For a 10% capital recovery factor, this system price provides electricity at a
levelized price of 17 cents per kWh, as shown in Figure 24. At higher production rates,
these levelized electricity prices continue to fall to lower levels.

These energy prices are substantially lower than for present photovoltaic systems of
any kind, including those being manufactured at rates well above 10 MW/year.
Furthermore, these energy prices can be obtained without any breakthroughs in
materials, manufacturing processes, stability, or efficiency. Thus, the fourth-generation
concentrator technology described in this report provides a clear and direct path to
much lower electricity prices for photovoltaic systems. Indeed, the near-term
electricity prices for this technology are comparable to conventional residential
electricity rates in several parts of the U.S. today. What is needed is a sustainable
larger annual volume of system production and sales.

44



(4eah/\n1) @12y UOIONPOId [enuuy
000°001 000°0L 000°L 00

3SOD INPON| —=-—
150D SO4 + 9INPOA| ==~
9oLId WOSAS e

2

HeM Mead/$

aouelpedl| 10aa11q "wbs/pny | 8 dway

19D OSZ 18 em O Nead Jad siejjoq
G661 Ul Paje)s sadlid pue sjso9 |1V

ou| ‘HO3LN3

0
!
Z
¢
b
S
9
]

S991id B S}S0) WalSAS @ S|NPOA - £Z "614 j /

4




(1eak Jod AN ) D)ey uoIIdNPOId [enuuy

000°00L 0000  000‘L 001
R 111 0
ojey ableyd paxid %G @ -=- | wr
/.
a)ey abseyp paxid %01 © —- 0 Sl
10joe4 Aj1oedes jenuuy Sz
%12 UY}M uoljedo 1es|9 0¢
ui 9d1d A}1014309|3 pazijanaT] e
oF

sojwouod3 Abisuz waysAs - vz "bid

YMM/SIUSD

46




5.0 REFERENCES

M.J. O'Neill et al., "Photovoltaic Manufacturing Technology Improvements for
ENTECH's Concentrator Module: Phase 1 Final Technical Report," NREL/TP-
214-4486, Denver, November 1991.

M.J. O'Neill et al., "ENTECH's Fourth-Generation Linear Concentrator Module,"
1992 DOE/Sandia Crystalline Photovoltaic Technology Project Review Meeting,
SAND92-1454, Albuquerque, July 1992.

T.M. Bruton et al., "Recent Developments in Concentrator Cells and Modules
Using Silicon Laser Grooved Buried Grid Cells," 11th European PVSEC,
Montreaux, Switzerland, October 1992.

M.J. O'Neill, "Fourth-Generation, Line-Focus, Fresnel Lens Photovoltaic

Concentrator,” 4th Sunshine on Crystalline Silicon Solar Cells, Tokyo, Japan,
November 1992.

M.J. O'Neill and A.J. McDanal, "Manufacturing Technology Improvements for
a Line-Focus Concentrator Module," 23rd IEEE-PVSC, Louisville, May 1993.

M.J. O'Neill, "Photovoltaic Manufacturing Technology (PVMaT) Improvements
for ENTECH's Concentrator Module," 12th NREL PV Program Review Meeting,
Denver, October 1993.

M.J. O'Neill and A.J. McDanal, "Fourth-Generation Concentrator System: From
the Lab to the Factory to the Field," 1st WCPEC, Hawaii, December 1994.

47




Distribution:

MS-0899
Technical Library
Org. 13414 (5)

MS-0100
Document Processing for DOE /OSTI

@

MS-0752
M. Tatro
Org. 6219

MS-0753
C. Cameron
Org. 6218

Mr. Herb Hayden
Arizona Public Service

P. O. Box 53999
Phoenix, AZ 85072-3999

Mr. Doug Allen

W. J. Schafer Associates, Inc.

25000 Great Northern Corporate Center
Suite 300

North Olmsted, OH 44070

Dist-1

MS-0619
Print Media
Org. 12615

MS-9018
Central Technical Files
Org. 8523-2

MS-0752
A. Maish
Org. 6219 (5)

Mr. Mark O’Neill (5)
ENTECH

Post Office Box 612246
1015 Royal Lane

DFW Airport, TX 75261

Mr. Richard Mitchell
NREL

1617 Cole Boulevard
Golden, CO 80401

Mr. Walt Brown

Columbia Pacific Aluminum Corp.
18111 Railroad Street

P. O. Box 1587

City of Industry, CA 91749-1587



Mr. Tim Bruton

BP Solar

Chertsey Road

Sunbury-on-Thames

Middlesex, ENGLAND TW16 7XA

Mr. Kevin Dennis
Omnion

2010 Energy Drive

P. O. Box 879

East Troy, WI 53120

Mr. Wayne Gould

Southern California Edison
6020 North Irwindale Avenue
Irwindale, CA 91702

Mr. Paul Jaster

3M

3M Center

Building 260-5s-15

St. Paul, MN 55144-1000

Mr. Richard King
Siemens Solar Industries
P. O. Box 6032

4650 Adohr Lane
Camarillo, CA 93011

Mr. Ward Marshall

Central and Southwest Utility
1616 Woodall Rodgers Freeway
Dallas, TX 75202

Mr. Len Caveny

Department of Defense
BMDO/IST

Pentagon

Washington, DC 20301-7100

Mr. Ken Goodman
Prime Manufacturing
354 Industry Drive
Auburn, AL 36830

Mr. J. B. Headrick
TU Electric

1601 Bryan Street
Dallas, TX 75201

Mr. Armnie Kapitz
Consumers, Inc.

P. O. Box 1870

1311 Spring Street
Manitowoc, WI 54221-1870

Mr. Stan Levy

Clear Solutions

632 Kilburn Road
Wilmington, DE 19803

Mr. Maurie Miller
Kenetech

500 Sansome Street

San Francisco, CA 94111




Mr. Mike Piszczor

NASA

Mail Stop 302-1, Building 302, Rm. 129
21000 Brookpark Road

Cleveland, OH 44135

Mr. John Sanders

E. Jordan Brooks Company, Inc.
6601 Telegraph Road

Los Angeles, CA 90040

Mr. Dan Shipman
PVUSA

Post Office Box 354
Davis, CA 95617

Dist-3

Mr. Mark Rogers
Northern States Power
414 Nicollet Mall
Minneapolis, MN 55401

Mr. Wilfried Schmidt
Angewandte Solarenergie
Theresienstr. 2

Heilbronn, GERMANY D-74072

Mr. John Wohlgemuth
Solarex

630 Solarex Court
Frederick, MD 21701




