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Sandia National Laboratories 

PHOTOVOLTAIC SYSTEMS TECHNOLOGY 
define what requirements this hardware must meet. I t  then tests and 
evaluates the units against the requirements, In this way, great strides 
have been made in developing residential, commercial, and industrial 
hardware that can be manufactured at  lower cost, yet retain the high 
efficiency required of a subsystem. 

Application Experiments - In the Application Experiments 
Project, Sandia is responsible for planning, implementing, and evaluating 
on-site, intermediate-size, PV systems. An essential part of this project is 
feeding back results of field experiments into the Systems/Subsystems 
Engineering and the Collector Development projects of the National 
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PV Program for future improvements. At present, Sandia has technical 
responsibility to  manage five flat-plate and five concentrator 
experiments and for acquiring data at  the site. 

Test Facility - Sandia has constructed a PV Advanced 
Systems Test Facility (PASTF) to test PV systems in actual sunlight, 
under well-instrumented conditions. The facility is used to investigate 
the latest concentrator PV arrays and to qualify experimental hardware 
for major experiments off site. Power conditioners, dc-to-ac converters 
(inverters) for power conditioners, electric storage in batteries, and 
utility-connecting hardware can also be tested at the PASTF. 
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PHOTOVOLTAIC SYSTEMS TECHNOLOGY 
Photovoltaics is the direct conversion of sunlight into electricity 

without the usual intermediate step involving heat t o  generate steam to  
turn a turbine. Photovoltaic cells produce electricity by absorbing sun- 
light in thin layers of semiconducting materials such as silicon, gallium 
arsenide, or cadmium sulfide. These cells, which were invented a t  Bell 
Laboratories in the 1950s, are used in the space program to  provide power 
for the hundreds of satellites. The cells are finding increased use in remote 
areas where conventional sources of power are not available. 

PHOTOVOLTAIC PROGRAM 

Sandia plays a leading role in the National Photovoltaic Program that 
seeks to develop industrial capability to produce reliable, low-cost photo- 
voltaic (PV) power systems for widespread application in residences, com- 
mercial buildings, and industrial plants. Tasks include developing concen- 
trator array technology, systems and subsystems engineering, hardware 
testing, and technical management of experiments, 

Concentrator Array Technology - The heart of any PV system is 
the array of cells that  converts sunlight t o  electricity. Most arrays use 
groups of cells wired together in modules designed to be placed in direct 
sunlight. Cell manufacturers, with DOE assistance, are developing new 
production techniques that are intended to reduce cost-per-watt of these 
modules, from the current price of about $12, to about 70 cents. The key 
element that determines cost is the individual cell. Another way to reduce 
cost is to use inexpensive mirrors or lenses that concentrate sunlight on to  
fewer cells. We can thus obtain intensities 1000 times those of sunlight 
reaching the ground (1000 suns). Sandia designed a 1000-watt test array 
to check the feasibility of concentrators, I t  uses molded plastic lenses, 
called “Fresnel” lenses, to concentrate about 50 suns onto specially 
designed silicon cells. Industry followed suit by developing a sun-tracking, 
2.4-kW, Fresnel-lens array mounted on a concrete pedestal. Under a 
US-Saudi agreement, 150 of these arrays will power a town in Saudi 
Arabia. 

Besides reducing costs, three significant technical attributes of 
concentrator PV systems make them attractive. One is the prospect o f  
more efficient sunlight-to-electricity conversion. With properly designed 
concentrator cells, the higher the illumination, the greater the efficiency. 
Another attribute is residual heat. Some o f  the sunlight striking the 
array is converted into heat rather than electricity. In  actively-cooled 
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arrays, this heat is carried away by a fluid, usually water, that is piped 
to a cooling tower and returned.There are many potential uses for this 
heat, and its commercial value could result in a higher economic break- 
even point of photovoltaics-vs-conventional energy sources. Yet another 
attribute is that the necessary hardware for PV concentration is similar to 
already-existing commercial products and Sandia has demonstrated that 
concentrator modules can be produced at  $2.80 per watt if manufactured 
in large enough quantities. That  means that engineering development 
without scientific breakthroughs is sufficient t o  advance the technology, 

Systems Engineering - In  order for photovoltaics t o  have a signifi- 
cant effect on  national energy use, we must identify those applications 
best suited to the technology, analyze them to determine requirements 
of all components, then design and develop the systems; this is called 
“systems engineering.” Sandia is responsible for such engineering in all 
applications connected t o  a power utility network, or grid. Applications 
have been analyzed in the past and systems designed that meet their 
requirements. These analyses and designs are used to develop de tailed 
designs for selected applications that describe different options for 
components and their configuration, define installation requirements, 
and allow detailed cost analyses, A simple method for designing PV 
systems has recently been developed and details published. All publica- 
tions are being distributed t o  interested architects and engineers. 

Subsystems Engineering - Various types of collectors are connec- 
ted to form array fields that generate power to  meet a given load. To d o  
this efficiently, it is necessary to identify the best wiring, voltage, and 
placement for a particular size of array. Low-cost construction and 
installation are also necessary if overall cost is to be reasonable. Such 
system-related components are referred to as subsystems and their 
development and installation as “subsystem engineering.” Sandia has 
a lead role in these areas, sponsoring studies by major firms. Such studies 
have determined array design features dependent on the required power 
levels. In  addition several low-cost structures and installation techniques 
have been developed for PV arrays. 

In order t o  connect the PV collector to its electrical load or to  the 
utility grid, its direct-current (dc) output must be converted to  60-cycle 
alternating current (ac) a t  the proper voltage. This is done with a power- 
conditioning subsystem. Sandia sponsors firms to develop the hardware 
necessary to connect PV arrays to a grid and has funded other firms to 
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CONCENTRATOR TECHNOLOGY 

OBJECTIVE 
Develop low-cost, reliable photovoltaic concentrators for a 
variety of energy-significant applications 

GOALS 
0 Achieve technology readiness 

$1 60/m2 installed arrays at 16% efficiency in FY82 
$ 1  50/m2 installed arrays at 20% efficiency in FY86 

Facilitate commercial readiness 
$360/m2 11% efficient installed arrays in FY82 
$ 160/m2 16% efficient ($0.70/Wp) installed arrays in 
FY86 

ACHIEVEMENTS TO DATE 
0 The first photovoltaic concentrator array was built and tested 

at Sandia National Laboratories in 1976. 

0 Current designs can be manufactured, shipped, and installed 
for approximately $400/m2, assuming moderate production 
of 1 O4 to 1 O5 m2 annually ; this was DOE’S technical-readiness 
goal of $2,80/Wp for 1980. 

Silicon concentrator-cells have been tested that operated at 
more than 20% efficiency with concentration ratios of from 
30X to 70X and 28OC. 

0 Several different modules have achieved 12% overall efficiency 
at typical operating corlditions. 

0 Concentrators have achieved optical efficiencies of 85%. 

0 Several array components and subassemblies have survived 
initial durability screening tests (temperature-humidity 
cycling, hail testing, voltage stand-off testing) with no per- 
formance degradation, 

IMPORTANT CHARACTERISTICS OF THIS TECHNOLOGY 

0 Basic material and device technology exists 

0 $0.70/W (equivalent) technology is an extension of $2.80/ Wp (equivalent) P technology 

Current production processes for common consumer 
products can be applied to photovoltaics 

Capital investment requirements are not expected to be large 

Photovoltaic/thermal applications are extremely attractive 

0 Assembly requirements are compatible with labor skills in 
developing countries 

Achieving the goal of a $1 60/m2 , 16%-efficient installed 
array does not require that current prices of polycrystalline 
silicon be reduced 
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CONCENTRATOR TECHNOLOGY 

CELL ASSEMBLY DESIGNS 

A silicon-celllaluminum-waferfcopper-strand assembly for use with a 
point-focus Fresnel lens design 

A section of a parabolic-trough receiver fabricated jor life cycle tests. The 
basic materials are: cover glass, PVB; silicon cells, electrical insulator 
(thermal conductor); and extruded aluminum coolant tube. 
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CONCENTRATOR TECHNOLOGY 

FRESNEL LENSES 

Sandia’s lens analyzer; measures intensity distributions in the focal region 
of  lenses. 

Left: a compression-molded 400X acrylic lens with curved facets. 
Right: an injection-molded 600X domed acrylic lens. 
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CONCENTRATOR TECHNOLOGY ’a 

THREE PROMISING DESIGN CONCEPTS 

development at Sandia National Laboratories are the parabolic 
trough concentrator, the linear Fresnel lens concentrator, and 
the point-focus Fresnel lens concentrator. 

The parabolic trough and linear fresnel lens concentrators 
are line-focus collectors for which the concentrations will 
generally be less than 100 suns - typically about 40 suns. 
The linear Fresnel lens collector uses two-axis tracking, whereas 
the parabolic trough generally uses one-axis tracking, Active 
cooling is more cost-effective for both types of collectors and 
makes line-focus systems dual-energy systems providing 
electrical and thermal energy. Potentially, these combined 
photovoltaic-thermal (PVT) systems are most cost-competitive 
with conventional sources of energy than are strictly photo- 
voltaic systems, especially where large thermal loads are found, 
such as in the commercial, institutional, and industrial sectors, 

Passive cooling is more cost-effective than active for point- 
focus Fresnel lens collectors, up to concentrations of about 
200 suns. Since concentrations up to 1500 suns are possible 
with the point-focus Fresnel lens, such a collector can use 
Silicon or Gallium-Arsenide cells, if active cooling is used. 

inexpensive optical concentrators is an approach that is very 
promising for meeting DOE’S photovoltaic cost goals. 

The three types of photovoltaic concentrators under 

Replacing more of the photovoltaic cell area with potentially 

Linear Fresnel lens PVT collector by E-Systems. 
Efficiency is 11% at a coolant temperature of5OoC. 
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CONCENTRATOR TECHNOLOGY 

Parabolic-trough PVT collector by ACUREX. Efficiency is 8% a t  
a coolant temperature of  50°C. 

Passively-cooled, point-focus Fresnel design by Sandia 
National Laboratories. Efficiency is 12% at an ambient 
temperature of20Oc. 
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CONCENTRATOR TECHNOLOGY 
ARRAYS AND TRACKING STRUCTURES 

Martin Marietta's Point-Focus Fresnel Array uses a simple pedestal and 
torque-tube structure. Array efficiency is 10% at an ambient tempera- 
ture O~ZO'C. 

A drawing o f  E-system's Linear Fresnel Lens Array using end posts with tilt 
and roll axis tracking. 

Drawing o f  a Turntable-supporred Array suitable for SO k W, intermediate- 
load center. 
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CONCENTRATOR SOLAR CELL DEVELOPMENT 

OBJECTIVES 
To investigate the performance of solar cells under illumination 
levels between 10 and 1000 suns and concomitant high temp- 
eratures; and to develop cell technologies for cost-effective 
concentrator photovoltaic systems. 

SILICON CONCENTRATOR CELLS 
Efforts in this task area are aimed at developing designs and 
fabrication processes that will consistently yield single-crystal 
silicon cells with high photovoltaic conversion efficiencies under 
irradiance levels as high as 1000 suns. 

A computer code has been used for parametric studies at 
Sandia, leading to the design and fabrication of cells with effi- 
ciencies of 20% for three different kinds of concentrators. 

E 
m 

Silicon Photovoltaic Concentrator Cells for a Point-Focus 
Fresnel Concentrator (C=70 suns); a Line-Focus Concentra- 
tor (C=40 suns); and a Dye Concentrator ( @ I O  suns) 

Perfotmance data and 
computer calculations 
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ADVANCED DEVICES 
Efforts in the area are aimed at assessing the performance 
potential of advanced compound, semiconductor solar cells 
such as single- and multiple-junction AlGaAs cells and spectral- 
splitting approaches under concentrated irradiance at high 
temperatures. Related efforts include defining optimum cell 
designs, and verifying their reliability and lifetime in their 
anticipated environment. 

Sandia National Laboratories 
Fresnel lens concentrator for 
measuring cell performance 
up to concentrations o f  1500 
sulzs 
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SYSTEM ENGINEERING 
OBJECTIVE 
To determine reliable and economical designs and configura- 
tions that will meet requirements of residential, intermediate, 
and central-station applications 

APPROACH 
0 Identify and evaluate technical, economic and institutional 

features that characterize the residential, intermediate, and 
central station sectors 

0 Prepare reference design data and design handbooks 

0 Determine requirements for major subsystems and 

0 AnalysislDesign in support of test application projects 

PHOTOVOLTAIC SYSTEM GOALS 

components 

I System Application 1 Residential I lntermediate I Central Station 

Readiness Goal Year 1985 1985 1989 

System Capital Cost 1.60 1.60 1.10 - 1.30 

Array Factory Price I 0.70 I 0.70 I 0.15 -0.40 I 
System Lifecycle Cost 2.00 1.85 1.30 - 1.50 

Collector Subsystem 1 .so 1 .so 1.00 - 1.20 

Power Conditioning 0.50 0.35 0.30 

ALL COSTS IN 1980 DOLLARS PER PEAK WATT 

Detailed design of photovoltaic system for a Southwestern All-Electric 
Residence in Phoenix. 475 shingle modules supply 19.8 MWh of Annual 
Solar-Array Output 

RESIDENTIAL SYSTEM DEFINITION 

APPROACH 
Evaluate the residential sector environment and develop 
conceptual and detailed guidance for systems that can achieve 
cost goals 

Update as new data and technology become available 
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SYSTEM ENGINEERING 

STATUS 
Initial preferred designs are underway 

0 Analysis of GridConnected Operation has started 
0 Regional Systems analysis is complete 

INTERMEDIATE SYSTEM DEFINITION 

APPROACH 
0 Analyze potential applications in Service, Commercial, 

Develop designs and guidance for systems that can achieve 

Agricultural, and Industrial subsectors. 

cost goals 
0 Update as new data and technology become available 

STATUS 
Initial analysis and conceptual designs are complete 

0 Costing structure is under development 

0 Utility/User environment is under investigation 

W SIZE 

A m y  Output 

SIC Demand 

Capital Cost 
Savings. S - 

EP - Expected PTOfitability 
E - SIC Total Energy 
EMP - Energy Market Potentlal 

EMP- E'EP 

Depreciation System Life 

'I 

Ranking Scheme for Intermediate-Sector Market and Potential 



Sandia National Laboratories 

SYSTEM ENGINEERING 

Conceptual design of an Actively-Cooled Linear Fresnel Lens 
Concentrator Array that Provides Electricdl and Thermal Energy for a 
Com m ercial Application 

, 

CENTRAL STATION SYSTEM DEFINITION 

APPROACH 
0 Understand utility requirements and develop system and 

test facility designs accordingly 

STATUS 
0 Design definition for hypothetical test facilities is complete 

0 Costing structure is under development 
0 System reference designs under development 

Conceptual Design of 10-MW Central Station Test Facility for Sunbelt 
Location 

Y 
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SUBSYSTEM DEVELOPMENT 
THE OBJECTIVE OF SUBSYSTEMS DEVELOPMENT IS TO DEVELOP 
HARDWARE AND ENGINEERING METHODS THAT WILL FACILITATE 
PHOTOVOLTAIC SYSTEMS WITHIN THE DOE COST GOALS. 

ARRAY SUBSYSTEMS 
Appvouch 
0 Examine structural design criteria and determine 

0 Develop detailed collector subsystem designs and 

0 Evaluate prototype hardware 
Develop standardized and modular subsystem 
designs that minimize site specific costs 

0 Determine applicability of automated installation 
methods and develop appropriate hardware 

0 Develop optimized array subsystem designs (e.g., 
field wiring, lightning protection, array structure, 
installation methods, etc.) and layouts for various 
applications (e.g., reference designs) 

effect on subsystem cost and performance 

examine design economic trade-offs 

Projected Area Related Costs* 
1980 $/m2 

Array structure, foundation, instahtion 25-35 

Land acquisition 2-10 

Field wiring 4-5 

Lightning protection 2 -6 

Site Ptepamrion, roads, fences, mix.  12-14 

45-70 
L.__ 

*Large panel quantities, favorable site conditions, 
standard construction practices 

I n t e m e d i a t e  Sector 
(1966 System Capi ta l  Cost Goal 51.60 ~ 2.60/Wp) 
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POWER PROCESSING 
Approach 

0 Develop power conditioning and control hardware 
for systems applications such that 

Electrical performance is acceptable 
Systems are reliable and maintainable 
Safety codes/standards (UL approved) are met 
Operation in varying environments is possible 
Packaging is efficient 

0 Array and utility interfaces are acceptable 
Cost is consistent with DOE goals 

0 Encourage the development of industrial 
capability to  produce such hardware 
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SUBSYSTEM DEVELOPMENT 

ENERGY STORAGE 
Approach 
e Investigate battery storage operational characteris- 

tics, both in test facilities and by analysis 

0 Determine economics and system trade-offs 
resulting from various storage operation options 

0 Study site and hardware requirements of on-site 
storage systems 

0 Monitor observed storage behavior in fielded 
photovoltaic systems 

Define engineering and technology development 
activities required for incorporating on-site energy 
storage systems into residential and intermediate 
photovoltaic systems in cooperation with the 
DOE Storage Group 

r x  

(A 
P 

V 
V 

x a 
I 

J 

5 00 

400 

300 

200 

100 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0 

Maximum Allowable Life Cycle Cost of 
Storage (LCC Stor.) vs Vs= Storage Efficiency 

R1 = Value of Energy Storage 
Ro  = Value of Energy 

from Storage 
FCR =Fixed Charge Rate 

. 



Sandia National Laboratories 

TEST AND APPLICATIONS 
OBJECTIVES 
Provide experimental information to support the overall program 
goals 

Achieving economically competitive photovoltaics in the 
most favorablc locations and applications by 1986 

0 Achieving sufficient market penetration to  displace 0.2-0.3 
Quad /year * 

APPROACH 
0 Identify photovoltaic application experiments 

Implement and evaluate on-site experiments in applica- 
tions projected as most favorable 

INTERMEDIATE LOAD-CENTERS 

Concentrutor Arrays 
Wilcox Hospital/Acurex, Kauai, Hawaii 

Sky Harbor Airport/Arizona Public Service, 
Phoenix, Arizona 

B D M  Corporation, Albuquerque, New Mexico 

Dallas-Ft. Worth Airport/ E Systems, 
Dallas, Texas 

Sea World/G.E., Orlando, Florida 

Flat Plate Arruys 
Lovington Shopping Cen ter/Lea County 
Electric, Lovington, New Mexico 

Date 
kW On-Line 

35 July 81 

225 Jan. 82 

50 July 81 

27 Oct. 81 

100 Feb. 82 

100 Apr. 81 

* 1 quad = 1 quadrillion BTU. The U.S. annually uses- 75 quads. 

El Paso Electric/New Mexico State University, 18 Feb. 8 1 
El Paso, Texas 

Oklahoma Center for Science and Arts/ 
Science Applications Inc., 
Oklahoma City, Oklahoma 

Beverly High School/Solar Power, 
Beverly, Massachusetts 

S an B ernardin o Light Manufacturing 
San Bernardino, California 

135 July81 

100 Mar. 81 

35 Sept. 81 

Wilcox Hospital; Kauai, Hawaii - 35 k W 
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TEST AND APPLICATIONS 
TEST PROGRAM OBJECTIVE 
0 Provide an efficient system for collecting, archiving, proces- 

sing, analyzing, reproducing, and reporting data 

Provide feedback to the systems and technology development 
projects. 

Computer Uninterntptible Power Supply; El Paso, Texas, 18 k W 
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Aerial view of PASTF 

APPROACH 
0 Provide hardware testing support through the Photovoltaic 

Advanced Systems Test Facility (PASTF) at Sandia National 
Laboratories 
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