4
_g© (3
}’g/‘c‘ DOE/CS/95311-1 DI 5 91 Cf

Unlimited Release
UC-63a Distribution

A Fresnel/Photovoltaic Concentrator
Application Experiment for the
Dallas-Fort Worth Airport

Phase | - System Design, Final Technical Report
(June 1, 1978 to February 28, 1979)

M. J. O'Neill MAS‘ER

E-Systems, Inc.

Printed December 1979

£l 1= United States
" Department of Energy

Albuquerque Operations Office
Albuquerque, NM 87115

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



NOTICE

This report was prepared as an account of work sponsored by
the United States Government. Neither the United States nor
the Department of Energy, nor any of their employees, nor
any of their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe
privately owied righils.

Printed in the United States of America

Available from

National Technical Information Service

U. S. Department of Commerce

5285 Port Royal Road

Springfield, VA 22161 </ L0 5 o

Price: Printed Copy $6560-; Microfiche $3.66-



II o S DoE/CS/SsELL
| | UNLIMITED RELEASE
UC-63a DISTRIBUTION

A FRESNEL/PHOTOVOLTAIC CONCENTRATOR
APPLICATION EXPERIMENT FOR THE - ._
DALLASOCEORT HORTH AIRPORT, “'»

"PHASE 1:# SYSTEM DESIGN-
* FINAL TECHNICAL REPORT

1 JUNE 1978 - 28 FEBRUARY 1979
MARK J. O'NEILL, PROGRAM MANAGER
E-SYSTEMS, INC.

ENERGY TECHNOLOGY CENTER

P,0. BOX 226118
DALLAS, TEXAS 75266 -

' PREPARED FOR THE | L=
U.S. DEPARTMENT OF ENERGY -

DIVISION OF ENERGY TECHNOLOGY
UNDER CONTRACT ET-78-C-04-5311

n



LIST OF CONTRIBUTORS

E-Systems, Energy Technology Center

Conceptual Design, Analysis, and Prototype Testing:

Detail Design and Specification:

OCLI

Photovoltaic Design and Specification:

Consultant

PCU Design:

=y

LU U<

J. 0'"Neill
J. McDanal
T. Eriksen
R. Goldberg
L. Schools
E. Lubin
'D. Hill

. Brown
Ling
Ross



Section

3.1.3

3.1.4

TABLE OF CONTENTS

CONCEPTUAL SYSTEM DESIGN AND ANALYSIS......eeeve..
System Description.....ccceviiecencnncecononnsns
System ANalysSisS...ueeieeenrocnsnacaconnsssenonas

E-Systems Novel Fresnel Lemns Concentrator.....
Background.......ievveevecnnn et et aranaanas
Fresnel Lens ComparisonsS......ceceeevecacans
E-Systems Concentrator Performance Summary..

Photovoltaic Receiver Module........vcvvveerns
Photovoltaic Cell.....ivieernenecnencnnnnnnnns
Photovoltaic Receiver Thermal/Fluid

ANALlYSiS.uieineeiecannneanenens it

Fresnel/Photovoltaic Collector.....vviveuennns
Tracking System Analysis......ccvvevcennenss
Collector Performance Analysis........eeeves

Electrical System....ceeereecessoasscnne e

Thermal Transport SySteM....veeeeecosnsenacnss
System SimulationN....eveeeceasecncasesonsnosos
System Performance SUMMATY.....cs0c0ccccnnncnnas
System Economics Summary...........o.c.. e

COMPONENT DEVELOPMENT AND SPECIFICATION...........
Photovoltaic ArTay.ceiersceeecsosnsecacscesanans
Photovoltaic Array Specification..............
Prototype Fresnel/Photovoltaic Concentrator
Development and Testing........ceeveeeunennns
Photovoltaic Assembly Environmental Cycling

Shading Protection & Illumination Transients
Shading Protection.....cieiirevenneannneanns
Tllumination TransientsS.....cceeeeeoencaoseas

Array Material CostS....uieiiieeieetoascncnacsns

Power Conditioning, System Control & Switchgear.

Power Conditioning.....eeuieiierieneereeanacnns

PCU CONETOl. .. vt ieorossecsosscasnsonsannnns

SWltChgear. . vvvivereroneeeecononacaacrsaassanss
Electrical System Parasitic Losses............
Instrumentation....ceoveveeecenns e eseeceaenas



TABLE OF CONTENTS (CONT.)

Section ) Page
3.3 . Thermal System........ e ecseesseseastaenesesannns 89
4.0 ENVIRONMENTAL ASSESSMENT AND IMPACT......eov0veeene 92
5.0 230030150 2 {00 - J GO 94

ii



Figure
1.1

2.1.1

2.2.1.1

2.2.1.2
2.2.1.3
2.2.1.4
2.2.1.5
2.2.1.6
2.2.1.7

2.2.1.8

2.2.2.1
2.2.2.2
2.2.2.3

2.2.2.4

2.2.2.5

2.2.2.6

2.2.2.7

2.2.2.8

2.2.2.9

LIST OF FIGURES

TITLE
Page

Site of the Experiment.......... ceeeae eeeeerte et eaean e 2
Block Diagram of the Fresnel/Photovoltaic/Photothermal
Power System for DFW Airport.......... Ceeerereccaaetaean ceeenn 6
Infinite Family of Lens Contours for Same Rim Angle
Concentrator.eseeeeseass e teceseecetttsasenenan Ceeeaeeeanae eee. 12
Angular Image Spread Due to Finite Solar Disk........... R
Angular Image Spread Due to Lens Contour Error................ 12
Angular Image Spread Due to Prism Angle Errors.........c.ec... 16
Angular Image Spread Due to DispersioN.......cicecescsccceacens 16
Prism Face Overextension to Minimize Optical LosseS.......cu.. 17
E-Systems Fresnel Lens Solar Heat CollectOr.....eceeuienianssas 17
Flux Profile of 45° Rim Angle Fresnel Lens Solar
CONCeNntratOr e eeeeesaeesanas et eesetaeeaetenaetsaartenaans vee. 17
Photovoltaic Receiver Module..... et aeieanns it eaetenes e 25
Cell Effiﬁiency VS. Concentration. .veeeeeeeeseanecanananannsans 25
Cell Effiviency VS. Temperature.............. e, 25
Fin Thickness Determination........c.eeeceeas ceeeaae meeeeseea. 29
Effect of Receiver Tube Diameter and Mass Flow Rate On -
Cell OUutpUL POWeL . .. oci ittt eeenenessesenoasoossonsasvsaonnnssas 29
Effect of Receiver Tube Diameter and Mass Flow Rate On
Pumping Power.....eeeeeeeeiececnensnss et ees e e s e ees 31
Effect of Receiver Tube Diameter and Mass Flow Rate On
Net Cell Output....... ceereanean ceeean Ceteeeetcaacraaenasavee 31
Receiver Schematic..... S, e rieeeaeran e et reereseen 32
Temperature Distribution Throuéh Cell Stack and Receiver
Assembly....coveeerenns Ceeieesaaeen P 32

iii



Figure
2.2.2.10

2.2.3,1

2.2.3.2

2.2.3.3

2.2.3.4

2.2.3.5

2.2.3.6

2.2.6.2

2.2.6.3

2.4.1
3.1.1 .
3.1.2
3.1.3

3.1.4

3.1.6
3.1.7
3.1.8

3.1.9

LIST OF FIGURES

TITLE

Cell to Fluid Temperature Differential for Final
Receiver Desigh..cceerecceass Sestasasat et e vt aco ettt

Fresnel Collector Array Annual Tilt Angle Variation...........

Longitudinal Incidence Angle for the Roll/Tilt Tracking
System with Periodic Tilt Adjustment.....eocevevesnacacnas e

Roll Angle Motion Envelope....siceeevevecrsoasasoasosssssonsossna

Effect of Collertor Spacing and Maximuu Rull Angle on
Tracking Efficiency..ceeeeererereececcrosesosssneanssnsansnasnoes

Module-To-Module Shading LoSS. ., veeteancananncnra. O Ceaas
Fresnel Photovoltaic Solar Collector Energy Balance....... ve e
Total System Analysis...... ....; ..............................
Ahnual System Efficiency VS, Flow Rate....veriiecencncnesenenes
‘Daily Thermal/Electrical PerformancCe.....c.eeeeeecececcconsenns
Annual System Performance.......ceee.. ..; ................... .
Cost of Energy....... ettt e ittt eet ettt et aan
System installaCiou...;.}..f,f.. .......... P ittt imecatnoatanans
Array Assembly...; ........ te i tacenans e R R RERRE
Structural Frame‘Tilt Drive Assembly....... SECEEEREEREERERERRE
Collector Assembly.......:.ccuvueenn e s i eeaerart et ecaaneens
E-Systems Funded Teéf ATTAY o veecneersennssansonns St deeeeessan
E-Systems Prototype Photovoltaic ConcentTator . ceaeessrarannnnn
Prototype Phogovoltaic Receiver Showing'Lens Image............
Oﬁg Sun Receiver Test......... Ceeesseaans Ceeaacaarerereaennnn
Lens Optical Performance Test ResSults.....ceieecesecencocasans

iv

33

33

35

35

37
37
39
45
45
47
47
53
56
57

57

60
62

63

66

66



Figure
3.1.10

3.1.11
3.1.12

3.1.13
3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6

3.3.1

LIST OF FIGURES

TITLE

Test Results for Prototype Fresnel Photovoltaic

Concentrator.ceeeeeeeeeeean .o

Total Efficiency of Prototype Fresnel Photovoltaic

Concentrator .. ee ceavesccecanscs

Typical Measured Characteristic Curve for Prototype Fresnel

Photovoltaic Concentrator.....

Tradeoffs in Cell Shading Protectiom.......eeveeuiernneronnnas

D/FW Power SyStem.......c.cv..

325 KVA PCU. ot v i ieieencnannns

Rectifier Efficiency..........

System Block Diagram..........

--------------------------------

---------------------------------

--------------------------------

Electrical System Instrumentation....... et ececisesscsanacceann

 Fluid/Thermal Transport System

--------------------------------

Page

69

71
74
77

77

81

- 84

88

90



Table
2.2.1.1
2.2.1.2
2.2.1.3
2.3.1
2.4.1
2.4.2
3.1.1

3.1.2

3.1.5.1
3.2.1
3.2.2
3.2.3

3.2.4

LIST OF TABLES

TITLE

Comparison of Fresnel Lens ConcentratOrS....c.secces.

Error Budget/Concentration Ratio............
Lens Transmittance...... .ee

System Performance SUMMAry.....ececase

Economic FactorS..sssiiices

Collector Production Cost Estimate......,...

Comparison of Predicted Versus Measured Performance

for Prototype Fresnel Photovoltaic Concentrator.

Array Materials Cost Per DOE Guidelines.....

PCU Specifications...... e

PCU Comparisuvu Criceria.......

Inverter Efficiency........

Parasitic Loss

vi

------ v e

LI N A R Y

LRI I N R R R P I Y

-----

---------

22
51

51

58

71
75
78
79
82

38



ABSTRACT

This Phase I Final Report sumamrizes the analytical, experimental,
design and specification efforts for the first nine months of the Dallas/
Fort . Worth Airport Fresnel/Photovoltaic Concentrator Application Experiment.
The overall objective of the complete three;phase program is ﬁo develop and
demonstrate a.unique photovoltaic concentrator total energy system which, when
mass-produced, will provide electrical and thermal energy at costs competitive
with ;onveptional energy sources. 'Toward this objective, the Phase I - System Design
contract-has been completed, resulting in a fihal system design,'analytical'defini—
tion of system performance and economics,‘ahd a successfully tested prototype
collector which fully verified performance predictioms.

The proposed system will utilize 245 m2 of\E—Systems linear Fresnel
photovoltaic collectors to provide 25 kwe (AC) of power and 140 kwt of heaé to
the Central Utility Facility of Dallas/Fort Worth Airport. The electric power
will be used to meet a continuous lighting load, while the therma; energy will
be used to preheat boiler feedwater. Peak system efficiencies will be 10.2%
electric (insolation to net AC output) and 567% thermal (insolation to net heat
delivered). Annual efficiencies will be 8.4% electric and 49% thermal.
Production system economics are attractive in the near term: 7¢/Kwh electricity

and $7/MMBtu heat (1975 $) could be achieved by 1981 with limited production.

With higher production, these costs could be halved by 1990.



1.0 PROJECT SUMMARY

E-Systems, Inc., Energy Technology Center is pleased to submit this
final technical report to the United States Department of Energy, in partial ful-
fillment of Contract No. ET-78-C-04-5311, Phase I, System Design of the Dallas/Ft. Worth
Airport Fresnel Photovoltaic Concentrator Application Experiment. The overall
objective of the complete three-phase program is to develop and demonstrate a unique
photovoltaic concentrator total energy system which, when mass-produced, will provide
electrical and thermal energy at costs competitive with conventional energy sources.
Toward this objective, the Phase I - System Design contract has been completed, rgsulting
in a final system design, analytical definition of system performance and economics,
and a detailed plan for Phase II - System Fabrication and Phase III - System Operation/
Evaluation. Also, during Phase I, a prototype collector was built and successfully
tested.
The site selected for the proposed experiment is at the Dallas-Fort WortJ
Airport, the largest (18,000 acres) airport in the United States. Figure 1.1 shows the
airport and the proﬁosed site, Ehe Central Utility Plant, located at thé geometric
center of the airport. This facility provides heat, hot water and air-conditioning for
the entire airport. Note that the Central Utility Facility is located between the two
major throughfares of the airport. The collector arrays will be mounted on the roof
of this building, which is clearly visible from both thoroughfares. Since more than
10 million persons utilize the airport eachyear, the site offers exceptional visibility.
Other site factors which led to this selection include:

e Large growth potential: Since the proposed system will supply

only 1/3% of the plant's total load, a possible future scale-up

could be accomplished after technical/economic feasibility is
established.

e Wide applicability: Since there are numerous such central energy
plants worldwide, this demonstration could lead to system proliferatio
in similar applicatioms.
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FIGURE 1.1 SITE OF THE EXPEFIMENT



o Convenient access: Site visitors, including government contract
monitors, team members, visiting dignitaries, et al, can easily
visit the site from anywhere in the world.

e High insolation: Direct normal solar radiation is high and
typical of the Southwest United States.

e Non-technical factors: No adverse effects to the environment, and
no code or rate structure impacts will be caused by the system.

The system design is extremely simple, consisting of the following major elements:

e Concentrator array: 1l array assemblies of 10 collector modules each
will provide a total aperture of,245m2. Each module consists-of
E-Systems new high-efficiency, short focal length, linear Fresmnel
lens concentrator which focusses incident sunlight uvpo~ actively
cooled OCLI silicon photovoltaic cells. Both the electrical and
thermal outputs of the collectors will be fully utilized. Peak
outputs will be 27 kw, DC and 140 kwt.

@ Electric interface: A unique, fully transistorized inverter will
convert the DC photovoltaic power to useable AC power to provide
for parasitics and for a constant 25 kw lighting load within the
plant. Supplemental line power from Texas Power and Light Company
will be rectified to DC and mixed with the photovoltaic array output
to meet the inverter input requirements. No electric storage or
waste will be required.

e Thermal interface: The glycol/water solution circulating through
the collector field will exchange collected heat with a continuous
- stream of low temperature (about 30°C) boiler feedwater in the plant.
A simple one-pass heat exchanger is used for this nominal 140 kwy |
thermal energy transfer. No thermal energy storage or waste will
be required.

System performance will bé excellent. Peak overall system efficiencies
will be 10.2% electric (insolation to net AC output) and 567 thermal (insolation to net
heat delivered). Annual efficiencies are also high: 8.47 electric and 49% thermal.
Thus, on an annual basis, over 57% of the available insolation will be converted to
useful energy output; |

System economic viability is ;lso excellent. With limited production,
the system could deliver electric energy at a 20-year levelized 7¢/kwh and heat at
a 20-year levelized $7/MMBtu (19753)‘by 1981, using economic factors appropriate'to

DFW Airport. In the longer term, with higher production, these levelized costs should



drop to about 3¢/kwh and $3/MMBtu (1975$) by 1990. On a life cycle basis, even the
near term energy costs above are competitive with conventional energy costs when -
modest fuel escalation rates are considered.
To verify the excellent performance estimates made for the new system,
a prototype collector module was built and tested during Phase I. Since the proposed
collector system will consist of 110 collector modules, each of which is the functional
equivalent of the prototype collector, these test results are an excellent indicator
of full system performance. Key test results are:
e At ogyotem deoign peint conditions, i.e., cell tewperalure abuul 55°C,
the overall collector electrical efficiency was measured to be 11.3%.
This value agrees with predications made in the original proposal a
year ago within 1% (predicted value: 11.4%).
e At design point conditions, the overall collector thermal efficiency
was measured to be 56.4%Z. This value agrees with predictions made
in the Mid-Program Review within 47 (predicted value: 58.6%),
despite gaps in the lens, a 25 mph wind, and 8°C cooler ambient
during the test.
e At design point conditions, the overall (thermal & electrical)
collector efficiency was measured to be 67.7%Z , only 3% lower
than the predicted 70%.
o The lens net transmittance was measured, using a short circuit current
ratio with and without the lens in place, to be 88.7%, 4% higher than
the predicted 857.
e The image width produced by the lens was substantially less than

the c¢ell width, indicating that concentration ratios well above
25 are achievable in the long term.

ﬁetailed plans for Phases II and III are presented in the Phase II/III
proposal and.will not be repeated in this report.  Similarly, the detailed design
drawing package will not be included in this report, but is available from DOE upon
request.

Program participants include E-éystems, DFW Airport, Optical

Coating Lab, and Texas Power and Lighﬁ Company.



2.0 CONCEPTUAL SYSTEM DESIGN AND ANALYSIS

2.1 System Description

The proposed Fresmel/Photovoltaic/Photothermal power system
(depicted in Figure 2.1.1) will supply a nominal 25 kwe (AC) of electrical
power and 140 kwt of process ﬁeat to the Central Utility Facility of the
Dallas-Fort Worth Airport. The electrical output of the photovoltaic system
will be used to power the céntinudus-duty emergenc§ lighting systeﬁ within
the plant, which consists of high efficiency fluorescent and mercury vapor
lamps. The thermal output will be used to preheat boiler feedwater which
is condensed at 85-95°F (29-35°C) within a continuous-duty Rankine cycle‘
power system in the plant. Since both electrical and thermal outputs of
the photovoltaic system are always: less than or equal to the loads with which
they interface, neither electrical storage nor thermal storage will be;fequired,
and no appréciable solar-generated energy will be wasted for lack of lo;&.

The low=~temperature heat load available (boiler feedwater) enhances both the
~electrical and thermal performance of the sysﬁem, since the silicon cells
operate more efficiently for l&wer cell temperétures, and thermal ioéses
from collectors and piping are lower for lower fluid temperatures.

The sular concentrator array coansists of 11 arrays of 10 collector
modules each. Each module utiliées a uniqué, high-efficiency, éhort F—numbér,
linear Fresnel lens of 3 feet (91.4 cm) aperture width by 8 feet (244 cm)
aperture length, té focus incident sunlight upon a series-connected string
of 53 silicon solar cells. Each cell is 1.44 inches (3.66 cm) wide by
1.78 inches (4.52 cm) long, thus forming an 8 foot (244 cm) long cell string
one twenty-fifth as wide as the lens. Ihus, the geometric concentration

ratio of the collector is 25. The peak power voltage of each cell under
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operating conditions is approximately 0.49 volts such that 53 series cells
provide 26 volts at peak power. Ten modules are connected in series to
form'a nominal 260 volt array. Eleven such arrays wired in parallel will
produce about 27 kwe’of direct current power at 260 volts when the direct
normal imsolation is 1000 w/tn2 and the cell temperature is about 55°C.

The cell string within each module is mounted to a copper fin/tube heat sink
through which a 30% solution of ethylene glycol/water is circulated. This
fluid absorbs the thermal energy produced in the cell assembly by the incident
concentrated solar f£lux. Each array is plumbed with ten modules in series
with a nominal array temperature rise of 40°F (22.2°C). The eleven afrays
are plumbed in parallel to one another.' Full details of the array design and
performance are presented in Sectiomn 3.1.

‘The electrical interface utilizes a unique fully transistorized
inverter developed for the rapid transit industry (Reference 1 ). This
inverter has an overall DC-to-AC efficiency of 97%, based upon prototype
test data. Thus, at peak conditions, 26 kw of 480 VAC power will be Oﬁtput
from the inverter to meet load and parasitic requirements. The previously
descrihed 1load is an invariant 25 kw lighting load. The parasitie power
reduirements, consisting mainly of the pump motor, but also including tracking
motors and control power, amount to less than 1 kw. Supplemental'power is/ﬁh
provided by the local utility, Texas Power & Light Company (TP&L). However,
a TP&L regulation prohibits mixing of on-site generated AC electricity with
utility AC power (cogeneratiom). The;efoFe, the supplemental power is mixed
with the photovoltaic powef-at the DC level of Figure 2.1.1, i.e., after

rectifying line power to DC. While this interface arrangement causes losses



in supplemental power due to the inefficiencies of the rectifier and inverter,
it meets the previously mentioned regulation and it provides one distinct
advantage. Since the combined photovoltaic array output and the supplemental
utility power are mixed to provide a comnstant 27 kw (DC) input/26 kw (AC)
- output at the inverter, this device always operatés at avfixed load. Thus,
the inverter is designed for optimal efficiency at this 27 kw - in/26 kw-out
load, and it never operates at off-design load. Of course, the rectifier
must operate at a variety of loads depending upon photovoltaic output.
Fortunately, the rectifier inefficiencies ére quite small, varying from less
than 200 watts at zero rectifier output to less than 600 watts at full (27'kw)'
output, which correspond to only 0.8% and 2.47%, respectively, of the 25 kw
lighting load. Thus the supplemental utility power losses are small for the
proposed design. Whenever the dtility wattage dfawn by the sysgem exceeds
.the 25 kw load Heing met by the system (e.g., wheﬁ clouds obscure the sun),
the automatic switch will disconneét the load from the photovnltaic system
and substitute utility powér directly to meet the load. This will prevent
operation of the system at a net energy loss condition. Although not shown
in Figure 2.1;1, the power conditioning unit (PCU) utilizes a closedfloop
peak power point tracking system to maintain the DC voltage setting at the
point of maximum pﬁotovoltaic.érray output; Full details of the PCU, control
and switchgear are preéented in SectionA3.2.

The thefmal interface design is even simpler éhan the electrical
interface design. A singlé—pass, countefflow, shell;éna—ﬁube heét exchanger
is used to cool the glycol solution from thé collector arra& bylﬁeating

boiler feedwater as it flows between the condenser and boiler of the steam



Rankine cycle power system within the plant. This feedwater flow rate varies
with weather conditions, since the primary output of the Rankine cycle

system is usgd to drive centrifugal chillers for meeting the air-conditioning
needs of the terminals, hotels, and other facilities at DFW Airport, However,
there is always enough feedwater flow to absorb the full solar system heat
output without the feedwater exceeding 20G°F (93°C) at the outlet of the heat
exchanger. Typically, the feedwater flowrate is around 40,000 lbm/hr

(18,000 kg/hr) and can absorb the.full array héat output with a mere 12°F
(7°C) temperature rise, as shown in Figure 2.1.1. The peak solar thermal
output will be about 140 kwt when the insolation level is 1 kw/mz. In the
event of a feedwater stoppage due to some plant failure, a thermostatically
cont;;lled three-way valve will divert the glycol solution EIOW'ghrough an
overtemperature heat exchanger which is cooled by water from the plant cooling
towers. This will prevent array overheating during such failure-mode periods.

In summary, the proposed system is a simple total energy system,

wherein the electrical output will be inverted and used to power a constant-
load lighting system, with rectified line power supplying supplemental energy,‘
while the thermal output will be absorbed in total by a low temperature
feedwater heat sink. In comparison to other applications, this system
offers the following important advantages:

e This system will fully utilize both the electrical and the
thermal outputs of the solar collectors. Since six times
more thermal energy than electrical energy is produced, the
economic value of the heat is greater than the electricity,
and this heat should not be wasted.

e This system is modular, with the basic building block being

a single array of 10 collector modules (240 ft2 or 22.3 m2
of aperture per 10 module array). The ten modules in each



array are both wired and plumbed'in series to provide the full
voltage and temperature rises of the system. Thus, any

number of arrays can be wired and plumbed together in parallel
to provide any desired electrical/thermal output. While
eleven such arrays have been selected for the present applica-
tion to match the 25 kw load, the successful implementation

of the current system will also prove the feasibility of this
system concept for any other reasonable size load, since only
the number of arrays will vary in other size systems.

Both the thermal and electrical loads are continuous, twenty-
four hours per day, seven days per week,” and both loads are
always greater than or equal to the solar system outputs.
Therefore, neither thermal nor electrical storage will be
required, and no solar-derived energy will be wasted. This
represants an optimal load, since it maximizaes system efficiency
while minimizing system cost. '

The output thermal énergy is useful at a very low temperature
since the feedwater heat sink temperature is only 85-95°F
(29-35°C). This maximizes photovoltaic cell performance and
collector thermal performance, since heat losses to the environ-
ment at this low temperature are minimal. '

The site is excellent in terms of maximal public exposure

(10 million annual passengers), high insolation, a trained
staff of plant operation/maintenance personnel, large expansion
potential (18,000 acres), similarity to numerous central energy
plants worldwide, and ease of access for visitors from any
part of the world.

The system will be the first to use the new high-efficiency,
short F/Number, linear Fresnel .concentrator in a photovoltaic
application.

The system will be the first to use the fully Lransistocrized,
high-efficiency PCU in a photovoltaic application.

10



2.2 ‘System Analysis

2.2.1 E-Systems Novel Fresnel Lens Concentrator

2.2.1.1 Background

For the past two years, a major company-funded development effort
has been underway at E-Systems with the objective of commercializing a unique

Fresnel lens solar concentrator. This new concentrator, fully-desecribed in

U.S. Patent No. 4,069,812, utilizes a configuration which provides the highest
possible transmittance achievable with a refractive prismatic lens con=-
centrator. Additionally, the new lens has a remarkable tolerance for aberra-
tions and'errors which are present in all refractive concentrators. Because
of this tolerance for errors, the new lens is most amenable to low cost
manufacturing methods‘Such as extrusion/embossing, a process being perfected
by E-Systems under Sandia Contract No. 13-2359. The following paragraphs
describe the new concentrator and compare its performance to more coﬁventional

. Fresnel lens devices.

2.2.1.2 Fresnel Lens Comparisons .

Figure 2.2.1.1 shows schematically a Fresnel lens solar collector
with several possible leﬁs concentrators. Note that since all of these |
potential lenses have the same rim angle (eméx)’ the remainder of the collector
(receiver, housing, plumbing, etc.) is essentially the same regardless’ of
which lens is sélected. Then ﬁow does one select which lens to use? The
answer is, or course, to select the lens which pe;forms the best, and this per-
formance is measured by two key parametérs; transmittance and concentration
ratio (aperture width/receiver width). The new lens under dévelopment by
E-Systems is fully optimized for maximal transmittance, as rigorously proven

in Reference 2. This maximal transmittance is achieved through the use of

11



INCIDERT SUNLIGHT

L ,O1510L8 LEMS

conToURS

SPREAD ANGLE
QF JUNLIGHT OUT
TO POUTE SUN 128,
1

ETCO11979-40

RORS AND OLIPERLION

SOLAR CELL

FIGURE 2.2,1,1

INFINITE FAMILY OF LENS CONTQURS FOR SAME RIM ANGLE CONCENTRATOR

3% 00am o1ss
ACULAR iMACE SPREAD DUF 10 SOLAR Diim SIZE DEGRELY)

PLAL LENY

cacunat S

(5]

MRS RoVTYIRES LRy T

i6 L " @ »

LOChis M PURLIIG ArELS,
10LCALEN

FIGURE 2.2.1.2 ANGULAR IMAGE SPREAD DUE TO FINITE SOLAR DISK

3.0

(ECAREY)

A*CMWI (3111}
ANCULAD IMAGE SPARATI BUE TQ 2 1* LEws CONIOUE SRECA

FLAT LENS

/ 4EW eoit3Temb LENS

[ 10 0 8 « 4]

LOCAL PRISH TURNING ANGLE, &
oecrees)

FIGURE 2.2.1.3 ANGULAR IMAGE SPREAD DUE TO LENS CONTOUR ERROR

ETCO1197042

12




prisms each of which makes equal incidence angles with the solar ray at both
the front.and back prism faces. This equal incidence angle condition, com=-
bined with additional requirements for zero shading and/or blocking within
or between prisms, fully defines the lens configuration for maximal trans-~
mittance. The resultant lens has a smooth convex outer surface forming a
curve of decreasing radial distance with increasing rim angle; the equi-
incidence angle prisms are formed on the inside conca?e surfaée.

The supefior transmittance properties of this new lens are
fully described in Reference 2 and will ﬁof'be repeated here. However,
the other key performance index, concentration ratio, requires further
discussion. Note in Figure 2.2.1.1 that the incidént'sunlight is all'con—
tained within a small cone of 0.52° spread angle, corresponding to the
solar disk. - However, after refraction by a prism, the leaving sunlight is
contained within a larger spread angle, corresponding to not only the sun's
angular size, but also errors and dispersion. This final spread angle (AWF)
is important since the receiver size must be larger for larger spread angles,

i.e., the larger AY the smaller the concentration ratio. The spread angle

F)

may be brolken into its components as3:

AY = AY + AY + AY + AY .
F solar contour prism dispersion .
disk errors angle
' errors

Fortunately, the transmittance-maximized lens discussed above also provides
smaller spread angles due to solar disk size, contour errors, prism angle
errors and dispersion thap for more conventional lens designé. For comparison,
each of these spread angles has been calculated for three different lens

designs: the new lens, a flat lens, and a circular arc lens with its center
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at the focal line. For all three lenses, the prisms are on the inner sur-
face of the lens .and the material is acrylic plastic. |

Figure 2.2.1.2 presents the spread angle component due to the solar
disk angular digmeter of 0.53 degrees. ‘The flat lens greatly enlarges the
spread angle over the incident solar disk angle, expecially for large prism
turning angles. This gross enlargement of the sun's image at large turning
angles precludes the use of flat lenses for large-rim angle concentrators;
thus, flat lenses can only be used for low rim angle (long focal length)
concentrators. The-circﬁlar lens‘spread aﬁgle is better, but is sfill large
at large turning angles. In contrast, the new lens spread angle is identical
to the incident spread angle of 0.53 degrees, regardless of prism turning
angle. Additionally, note that the new lens spread angle is much émaller
than for either of the other lenses, markedly so.for large turning angles.

Figure 2.2.1.3 presents curves of spread angle due to a lens
contour error of 1 degree. This error corresponds to a slope error ovar the
lens surface and is analogoﬁs to the slope errors of reflective concentrators.
Since Fresnel lenses must be free-standing over most'of‘their surfaée areas,
as opposed to reflective concentrators which can be rigidly supported over
their full surface area, - slope errors due to wind and gravity deflectipns
will be relatively large. Such errors badly spread the sunlight for both the
flat and circular lenses, bu; have a barely noticeable effect on the new lens,
This insensitivity to contour errors is a direct result of the equi-incidence
angle prisms comprising the new lens. A contour error causes a slight increase
in one incidence anglé which causes a correspondiné decrease in the other
incidence angle, thereby netting a very small effect. (Although not shown

in Figure 2.2.1.3, a reflective concentrator would have a total image spread

of 4 degrees for a + 1 degree slope error, regardless of turning angle).
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Figurg 2.2.1.4 presents spread angle due to prism angle errors.
This error corresponds to the actﬁal prism facet angles, and represents a
lens manufacturing error. WNote that once again the new lens is supefior
to the other two lenses, especially for large turmning angles.

Figure 2.2.1.5 presents angular spread due to dispersion, i.e.,
variation in index of refraction over the wavelengths in the solar spectrum.
A nominal variation in index of refraction from 1.48 to 1.50 was used to
prepare these curves, and corresponds approximately to acrylic plastic's
dispersion curve. Note that once again the new lens shows superiority to
the others.

Table 2.2.1.1 summarizes the comparison for two cases of practical
importance: rim angle values of 27° and 45°, The former corresponds to an
F/1.0 lens in flat form, and the latter to an F/0.5 lens in flat form.
(F/#vis ambiguous for curved lenses since focal length varies across the
lens; rim angle is a more definitive parameter). - Note that for the 27°
rim angle case, the new lens total spread angle (AWF) is about 30% smaller
than for the circular lens, and about 607 smaller than for the flat lems.
-Similarly, for the 45° rim angle case, the new lens spread angle is about
407% smaller than for the circular lens, and the flat lens will not work
at all at this rim angle. Thus, in terms ofAconcentration ratio, whicﬁ~is
inversely proportional to spread angle, the new lens is substantially superior
to the other lens designs.

One additional error tolerance employed in the new lens design is
pictorially described in Figurev2.2.1.6. Low-cost manufacture  of Fresnel
lenses by methods such as the extrusion/embossing technique gener;lly
results in some rounding of tﬁe prism peaks due to imperféct fiiling'of the

" roll/die and surface tension/memory effects within the plastic material.
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Such peak rounding causes direct’ losses in transmittance for conventional
Fresnel lenses, but not for the new lens since these rounded peaks are
overextended beyond the light path through the prism. Thus, with the prism
peak tucked out of the way of the light passing through the prisms, the new
lens has a high tolerance for both peak rounding and bottom prism face
angular mislocation. In magnitude, this blunt tip allowance is greatest
for tha decpest prisms near the extremity of the lens; for the outermost
prism of the 45 degree rim angle concentrator, the blunt tip mayv be 24% as
wide as the prism itself with no optical loss.

To summarize the abgove disrussion and comparisons, the new
E-Sy;tems Fresnel lens solat concentrator is far sugerior to conventional
Fresnel lens devices in transmittance, con&entraﬁion ratio, and toleranée
for errors and aberrations. The following section summarizgs the expected
pecformance of the new concentrator. 2 |

2.2.1.3 E-Systems Concentrator Performance Summary

The Fresnel concentrator development(progrém currently underway
at E~Systems under company funding has primarily been directed toward a solar
heat collector. TFigure 2.2.1.7 shows a schematic of this photothermal device.
Cost minimization studies have led to the selection of a short -focal length
(high rim angle) concentrator of relatively large dimensiono. A three [voc
(0.91 m) aperture width, 45° rim augle, and eight foot (2.44 m) aperture
length have been selected to provide a compact, light-weight, low-cost
collector module.

While the fundamental generalized dééign of the new Fresmel lens

is described in the patent specification, an additional important
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independent variable is the design index of refraction (nD) for each prism
in the lens. Since the solar spectrum extends over a broad range of wave-
lengths (0.4 - 2 microns) and since acrylic plastic's index of refraction
varies substantially over these wavelengths (l.Si - 1.48), the choice of

o, greatly affects the resultant flux profile in the focal plane. While in
the past a constant value of 0, has been utilized for aII’briSmé%ig_g‘
Fresnel lens, better results can be achieved by varying ny from prism to
priém. This allows the individual prism images to be superimposed in any
desired manner to produce a desired result in the focél plane, in an
analogous manner to adding terms in a Fourier series to produce a desired
function. To evaluate this effect and to accurately determine flux profiles
for the new lens, a detailed optical model has been developed at E-Systems
for the concentrator. This model uses the method of cone optics, i.e.,

analytical tracing of finite conical bundles of rays originating across the

solar disc incident upon each point on the lens surface. This model treats

)

each of the following:
e Finite sun.

e Solar image displacement (dispersion) for each wavelength
band in the .solar spectrum.

e Transmittance variation with prism location.

e Actual prism angular errors of any type and distribution
across lens.

e Any desired variation in oy including prism to prism
variations.

e Any rim angle (F-Number),
Basically the model determines the local fluxv(dv) at any. location (x) in

the focal plane by performing the following triple integration:
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qx = S/ jf Ta, _dAaEerture dAd1de,
8 1 A Aimage dedl

wherein 8 is local rim angle lens coordinate,
1l is local longitudinal lens coordinate,
A is wavelength,
T is transmittance (a function of 8 and A)

Aimage is solar image area in the focal plane (a function of 9),

qy is the incident radiant flux at wavelength A\ per unit wavelength,

A is aperture area.
aperture

The integral is carried out for all wavelengths ( A) in the solar spectrum,
and ovér all contributing portioms (8, 1) of the lens which have refracted
cones which overlap the point x in the focal plane. Results of this
analysis are discussed in the followigg paragraph.

Figure 2.2.1.8 shows two possible flux profiles aéhievable with
the new lens. The solid curve can be obtained by superimposing images
from the individual prisms such that the individual image peaks are all
coincident in the focal plane, thereby providing a maximal ceﬁter—point
concentration. The dashed curve can be obtained by superimposing images
from the individual prisms such that the greatest amount of energy is con-
centrated within a region defined by (-0.02 < % < + 0.02); this design
provides a maximum amount of energy interception at a concentration ratio
of 50 for a rim angle of 45 degrees. (Higher concentration ratios are
achievable with lower rim angles, but the resultant deeper collector modules
would be heavier and more costly.) This nominal concentration ratio of 50
was selected for the design configuration.

While the lens currently being developed at E-Systems is

optimized for concentration ratio of 50, errors due to manufacture, assembly,
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alignment, tracking, drive, deflection, etc., will lower this value in practice.
A detailed error analysis has been conducted to define maximum expected

values of all errors and the resultant effect on achievable.concentration
ratio. Table 2.2.1.2 summarizes this error budget and presents a conservative
estimate of achievable concentration. The effects of prism angular errors,
;ens contouring slope errors, and lens-receiver alignment were calculated

from optical analysis. The module tracking, drive, structure and alignment
errors were calculated from electro-mechanical and structural analyses.

The longitudinal incidence error occurs because of the simple roll-tilt
tracking strategy employed (discussed below) which maintains a zero incidence
angle across the prismatic lens (laterally) but not along the linear lens
(longitudinally). This tracking scheme allows the longitudinal incidence

angle to vary from zero to ten degrees -on the worst day (solstice) of the -
year, with a resultant image disﬁlacement due to focal length foreshorteniﬁg.
Note that the RSS total of all errors is only + 0.180" (0.46 cm) a reasonable
value for a 36" (91 cm) aperture width lens. Due to the Gaussian shape of

the lens flﬁx profile (Figure 2.2.1.8), the solar image width may be artitrarily
defined as that width containing a certain percentage of transgitted sunlight.
For 95% of the transmitted emergy, this width is 1.08" (2.74 cm). Thus, the
required receiver width must equal this image width plus the displacement error
in both directions, or 1.44" (3.66 cm). Therefore, a net concentration ratio
of 25 should be readily achieved in practice.

‘In addition to concentration ratio, the other key parameterlof

"lens performance is transmittance. As mentioned previously, the new lens
provides a maximal transmittance. Even for the short focal length lens

under consideration (with a 45° rim angle), the average single-surface
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TABLE 2.2.1.2 - ERROR BUDGET/CONCENTRATION RATIO

MAX. EXPECTED

ERROR TYPE ‘ VALUE IMAGE DISPLACEMENT

Prism Angles + 0.125° T+ 0.095" (+ 0.241 cm)
Lens Contour + 1.00° + 0.012" .(+ 0.030 cm)
Lens/Receiver Alignment 7 + 0.010° + 0.010" (+ 0.025 cm)-
Tracking Controller +0.05° + 0.031" (+ 0.079 cm)
Drive/Linkage + 0.05° + 0.031" (+ 0.079 cm)
Structucal Deflecilon +0.09° - + 0.U3L" (+ 0.079 cm)
Module Alignment + 0.05° + 0.031" (+ 0.079 cm)
Longitudinal Incidence + 10.0° +0.139" (+ 0,353 cm)
e TOTAL PROBABLE IMAGE DISPLACEMENT (RSS TOTAL) + 0.180" (+ 0.457 cm)

SOLAR IMAGE WIDTH CONTAINING 95% OF TRANSMITTED SUNLIGHT = 1.08" (2.743 cm)
REQUIRED RECEIVER WIDTH = 1.08" + 2 (0.180"™)= 1.44" (3.66 cm)
e NET CONCENTRATION RATIO = 36'/1.44" = 25

TABLE 2.2.1.3 - LENS TRANSMITTANCE

LOSS TYPE , FRACTION OF -INCIDENT SUNLIGHT LOST
FRONT SURFACE REFLECTION _ o 4.3%
ABSORPTION/SCATTERING 2.0%
BACK SURFACE REFLECTION 4.0%
FLUX PROFILE TRUNCATION* , 4.5%
TOTAL LOSSES o 14.8%

e Net Transmittance = 85.2%

* Undersizing the receiver width such that the low flux tail of the flux profile
curve is not intercepted.
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reflectance loss for all prisms in the lens is only 4.3%, compared to 3.9%
for a flat sheet of acrylic. However, other t;ansmittance losses include
,absorption/scattering within the acrylic, and cutting off the low flux
"tail" of the focal plame flux profile. All losses are summarized in Table
2.2.1.3. Note that a net transmittanée of more than SSZ‘will be achieved.
In summary, the concentrator will p%ovide a concentration ratio
of 25 and a net transmitiance of 85%. Empirical verification of these

performance parameters is fully described in Section 3.1.
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2.2.2 Photovoltaic Receiver Module

The photovoltaic reteiver module is shown schematically in Figure
2.2.2.1. It consists of a series string of 53 photovoltaic cells mounted omn- an
eight foot ( 244 cm) léng actively cooled copper heat sink. The following
paragraphs describe the photovoltaic cells aﬁd the fin/tube heat sink
and the analysis which determined the final design selection.

’ 2.2.2.1 Photovoltaic Cell

The photovoltaic cells Jdesigned by OCLI for the bFW application
are single crystal silicon cells designed specifically for concentrated
sunlight input. For the proposed application, each cell is 1.44 inches (3.66
cm) active width by 1.78 inches (4.52 cm) long by 0.0l4 inches (0.036 cm)

thick. Details of the methods used in designing, optimizing and manufacturing

these cells are fully described in Reference 3.

Sandia Laboratories (Reference 3) has experimentally V
determined the performance of similar OCLI photovoltaic cells under actual
concentrated sunlight, Figures 2.2.2.2 and 2.2.2.3 present the results of these
measurements in tearms of conversion efficiency as a function of concentration
and cell temperature. Of special importance in the proposed application is
the point shown on Figure 2.2.2.2'at 559C (1319F) and 21.25 suns (0.85 x 25 suns).
since this corresponds to the nominal operating conditions expected for the
DFW installation. The conversion efficiency at this operating point is
13.4%. Additionally, OCLI has estimated tHe absorptance of the cells to be
approximately 85% of the incident concentrated sunlight. These data were
further sgbstantiated by E-Systems' prototype test program describéd in

detail in Section 3.1. The efficiency versus temperature profile obtained in
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the prototype tests performed under a variety of operating conditions show
excellent correlation with the curve shown in Figure 2.2.2.3.

For the system simulation analysis described in Section 2.2.6,
the cell performance was modeled as follows:

. VThe incident radiant flux on' the cells was determined.

e The average cell temperature for the cell string on the receiver
was determined.

e 'lhe c¢ell st¥ing efficiency was calculaced from the dara of

Figures 2.2.2.2 and 2.2.2.3, based upon the average temperature
and flux level defined above.

An electric circuit analysis of series - connected cells was

performed and proved that the overall efficiency corresponds to the average

temperature of the cells in the string.

2.2.2.2 Photovoltaic Receiver Thermal/Fluid Analysis

The fin/tube heat sink, shown schematically {n Figure 2.2.2.1
serves to actively cool the photovoltaic cells by transferring the thermal
energy produced in the cell assembly by the incident councentrated solar flux
to a coolant fluid which circulates through the receiver module. Oékimal
design of the heat sink not only igcreases thermal performance but also increases
electrical performance since the cell conversion efficiency increases with
decreasing cell temperature. In the following paragraphs the rationale for
selecting copper as the heat sink material is given, the analysis conducted
to select the design fin thickness and the diameter of the codlant tube is
discussed and the overall temperature distribution through the photovoltaic
receiver module is presented.

Copper was selected as the base material for the fin/tube heat
sink instead of aluminum based on the following consideratioms:

e Copper has a thermal conductivity a factor of two larger than
aluminum. An aluminum heat sink with the same thermal perfor-
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mance as a copper heat sink would be twice as thick. Since the
cost of copper is approximately twice the cost of aluminum and
twice as much aluminum is required, the total material cost
would be approximately equal.

° An all-copper fluid circulation loop will be used to minimize
corrosion. In contrast, solar energy systems with water-solu-
tion~-cooled receivers and absorbers made of aluminum have his-
torically performed poorly under actual field operating condi-
tions due to leaks and corrosion problems.

. Copper offers superiority in fabricability, since it can be

soldered and brazed, it requires standard fittings, and all
plumbing .contractors are familiar with its use.

Enhanced performance of the photovoltaic receiver module requires
minimization of the temperature differential betweeh the photovoltaic cells
and the coolant fluid. In the following paragraphs three distinct temperature
gradients are discussed, leading to the selection of the fin thickness
and tube diameter. They are:

e The gradient between the average cell temperature and average
fin temperature, ' :

‘e The gradient between the average fin temperature and fin base
temperature (directly above the tube),

e The gradient between the fin base temperature and the coolant
fluid temperature.

In the analysis and design of the photovoltaic cell stack OCLI
sel;cted materials with good thermal properties (i.e., thermal conductivities,
etc.) over materials with lesser thermal properties to maintain as smgll
a temperature differential through the cell stack as possible. For a system
operating at a net concentration ratio of 21.25 suns and a cell temperature
of 55°C (131°F) OCLI has determined that the temperature gradient between
the cell and fin is less than 2°C (3.6°F).

Thermal analysis and £luid mechanical analysis of the copper
fin/tube heat sink were pe;formed independently of the cell stack to deter-
mine the fin thickness and tube diameter which reduces the temperature gradient
along the fin and the gradient between the fin b&se énd the fluid to an .

acceptable value. To uncouple the cell stack thermal analysis from the
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fin/tube analysis the actual flux profile (Figure 2.2.1.8, Section 2.2.1)
incident on the cell stack was reduced appropriately to account for: lens
transmittance losses (Tt = 0.85), cell absorptance (a = 0.85), and energy
converted to DC electricity (n = 0.134). Nominal values for tﬁese quantities
are listed in parenthesis. Once the fin/tube heat transfer rates and tempéra—
tures were obtained from the analysis, the temperatures‘and heat transfer

rates were calculated for the cell stack by assuming one-dimensional conduction.

The thermal model treats two-dimensional conduction within the

copper fin/tube heat sink, thermal losses from the fin surface, and convection
between the tube wall and coolant fluid. The fluid mechanical model treats
pressure drops in the receiver tube, interconnect piping and minor losées to
define pumping power requirements. A computer code containing both thermal
and fluid models was developed and tradeoff studies were conducted for various
fin thicknesses, tube diameters and coolant fluids. Water, ethylene glycol
and several heat transfer fluids (Caloria HI-43, Therminol, Dowtherm) were
considered as coolant fluids. A 30% ethylene glycol/water solution was
selecte@ ddé to its goo& heat transfer characteristics, low pumping power
requirements and freeze protection.

The results of the analysis used to determine the design fin
thickness are presented in Figure 2.2.2.4. As shown, the difference

-

" between the integrated average fin temperature (Tf. avo) and the fin base
temperature (Tfinbase) decreases with increasing fin f;ickness. A 0.125 in.
(0.318 cm) fin thickness with the corresponding 2°F (1.1°C) temperature
gradient was selected because at this point on the curve further increases
in fin thickneés yield only small decreases in temperature gradient.

Figures 2.2. 2.5 and 2.2.2.6 show the effects of tube diameter
and mass flow rate on cell output'power and pumping power respectively.

Cell output power is defined as the product of the lens transmittance,

the cell conversion efficiency and the direct normal insolation. For low
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mass fldw rates the cell operétés at a higher temperature because of poor con-
vection within the tube, which results in a reduction in cell output power.
Pumping power increases with increasing mass flow rate and increases with de-
creasing tube diameter. As shown in Figure 2.2.2.6 small tube diameters and
large flow rates result in a costly pumping power penalty. By defining a net
output power as the difference between the cell output power and pumping power
and plotting these results as functions of tube diameter and flow rate (as
shown in Figure 2.2.2.7 ), determination of the final design tube diameter is
pussible. A 0.653 in. (l.65 cm) diameter copper tube was selected to prdvide a
maximal net oqutput pnwer over a wide range of alLoyéblé fluw'razes! The final

receiver design selected is shown schematically in Figure 2.2.2.8.

The temperature distribution through the photovoltaic receiver
module, the Heat transfer rates and the electrical power output rate are
shown in Figure 2.2.2.9 for a 0.65 in. (1.65 cm) tube diameter and a 0.125 in.
(0.318 cm) fin thickness. For the conditioms listed, the cell which is at
131°F (55°C) is approximately 17°F (9.4°C) above the fluid temperature. The
cell to fluid temperature differential as a function of flow rate for various
levels of direct normal insolation is presented in Figure 2.2.2.10.

‘ In summary, the final design of the photovoltaic receiver module
includes a 0.65 in. (1.65 cm) diameter copver tube mounted to a 0.125 in.
(0.318 cm) thick copper fin. A 30% ethylene glycol/wéter solution is the
coolant fluid. The thermal and fluid mechanical model of the photovoltaic

receiver module as described herein is incorporated into the total system

simulation analysis discussed in Section 2.2.6.-
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2.2.3 Fresnel/Photovoltaic Collector

2.2.3.f Tracking System Analysis

As previously discussed, ten collector modules are mounted in a
common support frame and are linked together via the roll-axis drive system
to actively follow the sun's diurnal motion. Additionally, the frame tilt
angle toward the south is adjusted every few days via the tilt-axis drive
system to minimize the effect of the sun's declination angle variation
through the year. This approach to tracking has been selected for the new
Fresnel collector for the following reasons:

e Single axis tracking, i.e., polar-axis tracking, results in

a large deterioration in lens image quality due to a fore-
shortening of the lens focal length with longitudinal incidence
angles of + 23.59 |

e Full two-axis tracking is expensive in terms of travel limits;
ground or deck interfaces, drive system complexity, etc.

- o 'The roll/tilt system maintains incidence angles at essentlally
_ ’ zero in the roll direction and less than 10 degrees in the
longitudinal direction, thereby maintaining an excellent lmage
quality, with no continuous tilt angle tracking.
e The roll/tilt system achieves an aunual tracking efficiency
of about 90%, a value which would be difficult to exceed with
full two-axis tracking.
Thus, the roll—tilt‘strategy provides the optical and tracking benefits of
full two-axis tracking, with less complexity and lower cost.

The proposed system will require tilt angle adjustment every few
days to follow the curve of Figure 2.2.3.1. This tilt angle variation will
provide the tracking performance summarized in Figure 2.2.3.2. The longitudinal
angle of incidence will remain at 09 % 10° for the full opefational day
(9-10 'hours) year-round. On the equinoxes, the longitudinal incidence angle

" is zero all day. On the solstices, it varies from less than 8° (absolute

value) at noon to 10° (absolute value) at 4 hours 40 minutes either side of
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noon. On an annual basis, the average incidence angle is less than 4&° (absolute
value). Thus, on an annual basis, the cosine loss is negligible and the receiver
shaded length due to the end plate of the'trough is only about 1% of the full
receiver length. Note in Figure 2.2.3.2 that‘the selected tilt angle variation
through the year (Figu?e 2.2.3.1) provides for a zero incidence angle at 9 am

and 3 pm year«réund. This time was sélectéd to balance the plus and minus
incidence angles at nooh and early)late in the day, to maintain the absolute
value of the incidence angle as small as possible on average through the day.

The rate of roll angle motion is not constant during the day,
except at equinox, as shown in Figure 2.2.3.3. ThuS? a clock drive will not
work for the roll motion; an active, sun-seeking system is required, as
described in Sectiom 3.3. \

Tradeoff studies have been conducted to determine the optimal
module-to-module spacing and roll axis travel limits. Figure 2.2.3.4 presents
the reaultec of these tradeoffs in terms of an annual average tracking efficiency.
As one would expect, the closer the module spacing, the greater the annual
shading loss and the lower the tracking efficiency. Similarly, the roll
angle travel limit (Amax) reduces sky coverage and thereby lowers tracking
efficicney. Ta achieve 100% tracking efficiency, an infinite spacing and
full (90°) roll axis motion would be fequired. The selected design, based
upon cost/performance considerativns, is showm on Figure 2.2.3.4. This design
uses closely spaced modules (5 feet (1.52 meters) center—to-cénter spacing
for 3 feet (0.91 meter) aperture:width) to minimize support frame size and
cost. Also, it utilizes roll angle travel limits of % 75° to minimize

interference problems and drive system travel, thereby minimizing cost.
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Even with this close spacing‘and restricted roll travel, the annual tracking
efficiency is a respectable 90%. For this selected spacing, Figure 2.2.3.5
summarizes the module-to-module shading loss as a function of roll angle.
Note that at the cut-off roll angle (75°), the modules are about 60% shaded
or 40%Z unshaded. ‘

For the selecred module spacing and roll ;raval limitas, rhe in-
stantaneous tracking efficiency calculation was included in the system simu-

lation program described in Section 2.2.6.
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2.2.3.2 Collector Performance Analysis

Figure 2.2.3.6 presents the instantaneous collector performance near
solar noon from incident sunlight to output thermal and electrical emergy. The

equation for the electrical power output per unit aperture area is:

e

Q

e = 4+ =
°  Aiper T Tan"cel1

where éo= electrical power output per unit aperture area; E°= electrical power

output; Aaper = aperture area; T = lens transmittandée: Id = direct normal insoelation
n

flux; = photovoltaic cell conversion efficiency.

nccll

The overall collector solar to electrical efficiency is thus:

-
1]
H

Ncell”

As &iscussed in Sections 2.2.1 and 2.2.2. the lens transmittance is. 857%,and
the cell efficiency for 55°C-and 21.25 suns (.85 x 25 suns) is 13.4%. Therefore,
n, = LL.4%, as shown in Figure 2.2.3.. |

The thermal power output per unit aperture area is:

O

- o L] .
= = - Q -
qo A raIdn “loss eo

aper

where qo = thermal power output per unit aperture area; Qo— thermal power output;

Aaper = aperture area; T = lens transmittanée: & = cell/recelver absuirptduce;

Idﬁ = direct normal insolation flux; qlos< = thermal loss rate per unit aperture

area due to convection, conduction, and radiation from receiver. to environment;
é0 = electrical power output per unilt aperture area.

The overall collector solar to thermal efficiency is thus:

N, = 9, _ Ta'_ 91oss n
t - e .
Lan Lan e
As previously mentioned, T = 85% and n, = 11.4%. Conductive, convective and

radiative thermal losses as discussed in Section 2.2.2.2 are 2.2% of the incident

direct normal insolation. The absorptance of the cell/receiver module is estimated
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by OCLI to be SSZ.A Therefore, N = 58.6%.

In summary, the collector will convert 58.6% of the incident sun-
light to useful heat ocutput and 11.4%Z to useful electrical ougput; thus, 707
of the available insolation will be effectively captured,

2.2.4 Electrical System

The electricallsystem interface is shown schematically in Figure
2.1.1. The 25 KW constant-load emergency lighting system was selected as the
system load because of its invariance and ease o{ interface. .The nominal 260 VDC
volt;ge level for the photovoltaic array was selected for the following reasons:

e This voltage closely matches the 277 VAC line-to-neutral voltage
required by the 480 VAC 3¢ load, thereby maximizing PCU performance.

. { , e . .
o This voltage is high enough to minimize IZR line losses, while low
enough to avoid exceeding standard equipment (wiring, contactors,
breakers, etc.) voltage ratings.

e This voltage is conveniently achieved in the collector arrays
with 10-module series wiring of reasonably sized cells.

For the system simulation study described in Section 2.2;6 the
electrical system interface is modeled conceptually as shown in Figure 2.1.1.
Each component in the electrical system is discussed in detail in Sectioﬁ'3.2
and only the information needed in the system simulation is summarized here.

The rectifier efficiency is a function of the supplemental utility
power required to augment the photovoltaic output to meet the 25 KW load. The
efficiency versus receifier output power shown in Figure 3.2.4 was curve-fit
for the system simulation model. The inverter, designed for optimal efficiency
for the constant 27 KW -DC input, has an overall DC to AC efficiemcy of 97%.

System parasitic losses other than rectifier and inverter losses
are modeled as: a 3% loss due to collector end plate shading of cells (Section
3.1.4); a 2% loss due to cell mismatch and series :esistance,(Section 3.2);
a variable loss due to fluid pumﬁing (Section 2.2.5)} and negligible loss due

" to module tracking (Section 3.2).
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The hour-by-hour array/line/load interaction is modeled as
follows:

e The DC electrical output of the photovoltaic array is determined.
If the photovoltaic DC output after inversion to AC electricity
is sufficient to meet the 25 KW load plus parasitics, then the
load is supplied by the photovoltaic output.

e 1If the photovoltaic output is insufficient to supply the load,
supplemental utility power is rectified, mixed with the photo-~
voltaic output at the DC level, inverted to AC electricity
and supplied to the load.

e Whenever the utility line power drawn by the system exceeds
the luad the automatic switch disconnects the load from the
photovoltaic system and substiturtes ulility pewcr directly.

2

«245 Thermal Transport System

The thermalAtransport system interface~ié shown schematically in
Figure 2.1.1.. The interfacé is a simple recirculation loop through the solar
concentrator array and through a boiler feedwater heat exchanger. The thermal
system is modeled conceptﬁally‘as shown in the figure.

The DFW thermal load is a combined flow of condensgte arriving
from a chilled water pump steam turbine condenser and from a chiiler cturbine
condenser, both streams being part ol a continuous duty Rankine ¢ycle power system
in the plant. The ¢ondensaie flow ratu varies wirh logal weather conditions
since the output of the Rankine cycle system is uséd to drive centrifugal .
chillers for meeting the airconditioning requirements of the terminals, hotels,
and other facilities at the DFW airport. Based on recent operating records
at the DFW Central Utility Facility (Reference 4 ) the following table
was compiled tu characterize the total condensate flow rate as a function

of wet-bulb temperature. ' B

Wet Bulb Temperature Total Condensate Flow Rate
°c) . (kg/hr)
< 8 2000
8-10 = 4500
10-21 4500-16000
21-25 16000-19000
>25 19000
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For the;system simulation study the boiler feedwater heat exchanger
and over-temperaturevheat exchanger were modeléd in general as counterflow
shell-and-tube type with variable flow rates. Preliminary calculations:were
performed to determine the generai thermal capacity range (UA product) sufficient
to absorb the full solar concentrator array thermal output at a reasonable temperature
differential. Once the range was establishe@ an actual heat exchanger was
selected and the actual performance based on the manufacturer's thermal capacity

‘

specification was incorporated into the system simulation model.

Parasitic thermal and electrical losses associated with the thermal
system interface include pumping power requirements to overcome pressure‘drop
throughout the system and piping thermal losses. Pipe slzing was selected to
keep pumping power requirements to a minimum. The overal; pressure drop
through the thermal system was modeled and incorporated into the system simula-
tion as a funétion of the square of the mass flow rate. Insulation thickness
on all plﬁmbing and piping was selected to minimize thermal piping losses which
were included in the system simulation study as a function of temperature
differences between the fluid and ambient. These parasitics were incorporated

into the system simulation study described in Sectiom 2.2.6..
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2.2.6 System Simulation

The results of individual component analysis and subsystem analysis
(Section 2.2.1 through 2.2.5) have been incorporated into a total system computer
model to accurgtely simulate the performance of the proposed Fresnel/Photovoltaic/
Photothermal power system. Tradeoff studies were conducted on collector array size,
control strategy and thermal and electrical interface component éelection to assess
‘their effects on annual electrical and thermal energy outputs. A summary of the
system simulation m&del is shown in Figure 2.2.6.1. The system simulation was
conducted on an éour by hour basis throughout the ycar ucing insolation and
weather data models for the Dallas/Fort Worth area compiled by Aerospace
Corporation (Reference 5 ) and a Typical Meteorological Year (TMY) model com-
piled by Sandia Laboratories (Refereﬁce 6 ). The results ;hich follow are
based on the Aerospace Corporation weather model. A comparison of this .model to
the TMY modgl is presented and the effect on performance is discussed. -

Tradeoff studies were conducted to degermine the number of collector
arrays required to meet the DFW electrical and thermal loads. Eleven arrays were
selected because peak output from the solar power system was sufficient to meet
the DFW eleétrical load without amy electrical waste. Twelve arrays result in
waste electrical output and ten arrays require additional supplemental line
power to meet the electrical load. The thermal output of eleven arrays also
matches well the feedwater heat sink's minimum heat requirements.

Similarly, a study was conducted‘to determine the design flow rate
for optimal annual performance. The results of this study are preseqted in
Figure 2.2.6.2. As shown, peak annual thermal efficiency (49.4%) occuré for
flow rates above 600 kg/hr; peak annual electrical efficiency (8.57%) occurs at
460 kg/hr. As a tradeoff, a single array design flow rate of 568 kg/hr

(6250 kg/hr for the eleven arrays) was selected yielding a net electrical ef-

ficiency of 8.47 and a net thermal efficiency of 49.37 annually. The flow rate
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correspon@ing to peak electrical was not selected because fluid temperatures
exceeding 220°F (104°C) were expgrienced several times throughout the year at
this flow rate, presenting possible fluid boiling problems.

| ‘Figure 2.2.6.3 presents whole-day electrical and thermal performance
for a typical operating day. Due to roll-tilt tracking the output curves
closely match the direct normal insolation curve. For this typical whole-day
operation, 47.9% of the available insolation is converted to useful thermal
oﬁtput and 9.8% is converted to DC electricity.

The annual sysfem performance results are presented in Figure 2.2.6.4.

On a yearly basis, array tracKing losses and module to module shading reduce
the available insolation by 11.8%. Additionally, in the electrical conversion
process a 3% loss is incurred due to shading effects of the lower and upper
three photoﬁoltaic cells in each module. This loss factor is fully described
in Section 3.1.4. This reduces the available direct normal insolation to
85.6%. Transmittance losses (T = 0.85) further reduce this value to 72.8%
(.85 x .B856). The cell annual average conversion efficiency (13.1%) reduces
the total to 9.51%. Of the 9.51% converted to DC electrical energy, cell
mismatch and wiring series resistance losses lower the total to 9.3%Z. The
inverter efficiency (97%) further reduces the total to 9.07%. Parasitic losses
associated with fluid pumping, module tracking and electronic cémponent opera-
tion amount to 3% of output power. At this point, 8.7% of the annual available
energy is available as AC electricity. The final loss factor relates to the
utility supplemental power losses in the rectifier and inverter. Supplemental
utility power required to augment the photovoltaic output power to match the
load is not used directly because paraliél AC generation is prohibited by
local utility regulation (Section 2.1). VThis‘requires the supplemental utility
power to be rectified to DC, mixed with the DC ou;put of the photovoltaic

array and then inverted to AC electricity. The rectifier efficiency varies
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with the amount of auxillary utility power requirgd and is fully described .in
Section 3.2. On an annual basis this AC to DC to AC power processing results in
a supplemental line power loss equal to 3.5% of the net solar electric power
delivered. Incorporating this parasitic loss, the net annual conversion of
di;ect normal insolation to AC electricity is 8.4%.

On the thermal side of Pigure 2.2.6.4,. the 3% loss due to cell
shading effects is not included in the tracking and shading losses as it is
due to inherent electrical characteristics of the cells and their diode protec-
tion and was treated on the electrical side of the figure. The 11.8% tracking
and shading loss reduces the total to 88.2%. Of this total, 85% is transmitted
through the lens and is incident on the photovoltaic receiver module. Absorption
of the incident concentrated flux by the photovoltaic receiver (o = .85)
further reduces the total to 63.7%Z. The annual DC electrical output of
the cells (9.51%) is subtracted leaving 53.9%. Next, annual radiant, comvective
and conductive‘receiver thermal losses lower the total ﬁo 51.1%. 7¥inally,
piping thermal loss reduces the net thermal energy delivered to the DFW thermal
load to 49.32 on an annual basis.

In summary, the proposed F;esnel/photovoltaic/photothermal power
system conve?ts 8.4% of the annual direct normai insolation ﬁo AC electricity
and 49.3% to ‘thermal output. Thus, approximatly 587 of the évailable insolation
is delive;eﬁ as useful thermal and electriéal energy.

:Whilé the results presenteé in Figﬁ;e 212.6:4 are based on the
Aerospace wééther model, a'similar'performahce.;nalysis_was conducted using
the T™MY model. The annual available direct normal inéolation pre@icted by the
Aerospace model (2340 kw*hr/mz) is 33% greater than that predicted by T™MY
(1770 kw—hr/mz). The net éffect of tﬁé TMY'data oﬁ perﬁormance is to increase
slightly the annual electriéal ana thérmal s?stem effiéiencies (to 8.78%
and 51.6%, respectively) and to decrease the annual amount of delivered AC

electrical znd thermal energy in direct proportion to the annual insolation.
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While both models predict essentially the same annual system efficiency, a
question arises as to the total amount of direct normal insolation in the
Dallas/Fort Worth area. |

Neither model is based upon site-measured direct normal insolation,
and thus both are subject to question. One apparent anoﬁaiy in both models is
the high number of daylight hours with positive readings of direct normal
insolation. The Aerospace model indicates 827 of the daylight hours have some
direct normal insolation, wﬁile the TMY model indicates 95%. Since direct
normal insolation is zero during cloudy periods, botﬁ of these values appear
high. Only long-term actual measurements will resolve'this discrepancy and

refine annual output prediction accuracy.
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2.3 System Performance Summary

Table 2.3.1 summarizes the performance of the DFW Airport Photo-~
voltaic Concentrator Experiment. The peak system output is 25 kw of net alternating
current power dérived from solar energy. The peak thermal output is 140 kwy. of net
boiler heat savings. On an annual basis, the net system outputs are shown to be 48
megawatt-hours and 280 megaﬁatt-hours of electricity and heat respectively. The
concentrator module used in the application is E-Systems short focal length linear
Fresnel lens, coupled with OCLI silicon cells. A roll-tilt tracking scheme is
utilized. Both electric and thermal loads are continuous and located within the
Central Utility Plant. The collector array consists of 11 tgn—module array assemblies,
providing 245 m of aperture. éeak system efficienciés are 10.2% and 56%, electric and
thermal respectively. Annual efficiencies are 8.4% and 49%. Thus, about 58% of fhe
annuxl direct normal insolation available to the system will be converted to

useful energy output.
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PEAK ELECTRICAL QUTPUT
PEAK THERMAL QUTPUT
ANNUAL ELECTRICAL QUTPUT
ANNUAL THERMAL OUTPUT
CONCENTRATOR

CELLS

CONCENTRATION RATIO
TRACKING

ELECTRIC LOAD
THERMAL LOAD

COLLECTOR ARRAY SIZE
PEAK EFFICIENCY

ANNUAL EFFICIENCY

25KW, AC (NET UTILITY SAVINGS)
140 KW, (NET FUEL SAVINGS)

48,000 KW-HR, (NET UTILITY SAVINGS)
280,000 KW-HR, (NET FUEL SAVINGS)

E-SYSTEMS 91 CM WIDE X 264 CM LONG LINEAR 45°
RIM ANGLE FRESNEL LENS (85% NET TRANSMITTANCE)
OCLI SILICON CELLS (13.4% AT 55°C)
25 (91.4 CM APERTURE TO 3.66 CM CELL WIOTH)
ACTIVE DIURNAL TRACKING, PERIODIC TILT ADJ.
CONSTANT 25 KW LIGHTING WITHIN UTILITY PLANT
CONTINUQUS 29°- 359 C CONDENSATE WATER FLOW
(BOILER FEEDWATER)
11 ARRAYS, 110 COLLECTOR MODULES,
245 M2 TOTAL APERTURE

10.2% ELECTRIC (INSOLATION TO NET AC QUTPUT),
56% THERMAL

8.4 KELECTRIC (INSOLATION TO NET AC QUTPUT),
49% THERMAL

TABLE 2.3.1 SYSTEM PERFORMANCE SUMMARY

COST PER

REQ'D PER
: : SITE SITE S/FT? . s/mé
COLLECTOR MODULE ASSY (W/O RECEIVER) 100 9933.20 3.18 44.58
PHOTOVOLTAIC RECEIVER ASSY 100 - 26500.00 11.08 118.83
TILT DRIVE-ASSEMBLY 10 5065.70 1 2.1
ROLL DRIVE ASSEMBLY 10 1354.70 56 6.03
FRAME & INTERFACE COMPONENTS 10 6212.60 2.59 27.88
TRACKING & CONTROL .
ROLL AXIS 10 84.60 16 1.72
TILT AXIS 1 §5.32 03 0.32
PLUMBING 1200.00 50 5.38
ELECTRICAL 120000 50 5.38
HARDWARE 200.00 .08 0.86
'SHOP LABOR 935.00 39 4.20
PREPARATION FOR SHIPPING 555.00 23 2.48
SHIPPING (TYPILAL 100 MILE RADIUS) 1000.00 42 4.52
SITE PREPARATION . 200.00 .08 0.86
FOUNDATION 2400.00 1.00 10.76
INSTALLATION & ALIGNMENT 4800.00 2.00 21.53
TOTAL DIRECT COST §2006.12 25.84 278.02
INDIRECT COSTS
« LABOR OVERHEAD @ 100% OF DIRECT LABQR COST 990.00 0.41 4.41
« MATERIAL BURDEN @ 3% OF DIRECT MATERIAL COST . 1830.00 . 0.76 8.18
« GENERAL & ADMINISTRATIVE @ 25% OF COST ADDITIONS  952.00 0.40 a3
* FEE @ 10% QF COST 6577.36 2.74 29.49
TOTAL INSTALLED PRICE 72356.48 30.15 326.41

* BASED ON ANNUAL PRODUCTION OF 2,000 ARRAYS (500,000 FT2) (46,000 M2)

e BASED ON A TYPICAL SITE DEFINED AS:

10 AR

RAYS, SERIES HOOK-UP

*1 CONTROL CENTER
¢ FIELD INSTALLED {AS OPPOSED TO

ROO

€TC011979-55

FINSTALLATION)

* 3000 PSF SOIL
* MINIMUM SITE PHEPARATION

TABLE 2.4.1 COLLECTOR PRODUCTION COST ESTIMATE (1978 §)
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2.4 System Economics Summary

To defing the near-term economic viability of a production-version
system similar to the DFWlAirport Experiment, a detailed éstimate of the imnstalled i
price of such a system was completed during Phase I. Table 2.4.l1 summarizes this
price estimate, based upon aniassumed system configuration of ten arrays of ten modules
each for a total syétem aperture of 223m2, installed on a ground-level site as noted.
An annual production rate of 46,000m2 was used for quantity estimates. The cost element
with the highest uncertainty is the photovoltaic receiver. It was estimated based upon
a laid-down cell cost of $5 apiece, or 30¢/cm2 of cell area. The total installed price
of $30/ft2 ($324/mg) is clbsely in line with E-Systems' target price of $20/ft2 (SZlS/mz)
for a purely thermal version of the Fresnel collector, since the difference in price
between the photovoltaic receiver and the thermal receiver is about $lO/ft2 ($108/m2).
Using the annual efficiencies defined in Section 2.3, the cost estimate of Table 2.4.1,
and the economic factors listed in Table 2.4.2, a levelized energy cost analysis was
conducted. The first set of economic factors in Table 2.4.2 was prescribed by DOE for
all PRDA-35 contractors, while the secand set corresponds to actual conditions at DFW
Airport. -

Levelized energy costs were determined in two different Ways:

e The thermal and electrical energy costs were calculated separately,
based upon a system cost allocation of 1/3 to the electrical energy

and 2/3 to the thermal energy. These costs are shown . on the right-
hand axis of Figure 2.4.1. : :

e The thermal energy was converted to equivalent electrical energy by
assuming a 307% conversion efficiency. This equates to valuing heat
at 30% of+the value of electricity. The combined equivalent electrical
energy was then costed out as shown-on the left-hand axis of Figure
2.4.1. ' -

‘Since annual énergy production is proportional to annual insolation,

the levelized energy costs are shown as functions of 'Percent Clear Days”. This

parameter is based upon ASHRAE clear day direct normal insolation data. 1L00%Z clear

days corresponﬁs to 3250 kw—hr/m2 annual direct normal insolation.
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: : SUGGESTED * _D/FW CASE
SYSTEM OPERATING LIFE 20 YEARS - 20 YEARS

ANNUAL OTHER TAXES AS

FRACTION OF CAPITAL INVESTMENT .02 02
ANNUAL INSURANCE PREMIUMS ' :

FRACTION C! .0025 .0025
EFFECTIVE INCOME TAX .50 ' -
RATIO DEBT .50 1.0
RATIO COMMON STOCK 40 -
RATIO PREFERRED STOCK .10 -
RATE OF RETURN DEBT - » 10 .065
RATE OF RETURN COMMON 12 -
RATE OF RETURN PREFERRED 10 -
GENERAL INFLATION .07 ' 07
FIRST YEAR COMMERCIAL GPERATIONS 1980 1980
ESCALATION CAPITAL AND

OPERATING & MAINTENANCE .07 07
BASE YEAR FOR CONSTANT DOLLARS 1975 1975

ETC011979-59

TABLE 2.4.2 ECONOMIC FACTORS

1975 8 .
: ASSUMPTIONS:
16 16 16 « ECONOMIC FACTORS OF TABLE 2.4.2 '
154 - L 15 L 15 ¢ COLLECTOR COST IN 1981 FROM TABLE 2.4.1
18 | 1 14 « 0&M COST AT 1% OF CAPITAL INVESTMENT PER YR,
=  PCU COST IN 1981 AT $250 /KW
13 B g LE « 1990 COSTS ASSUME 30% LEARNING CURVE ON
12 4 12 = 12 S COLLECTORS AND CELLS WITH 5MW INSTALLED IN
> 3 1981, AND 10 Mw/YEAR THEREAFTER
iy e G * 1990 COSTS ASSUME CONCENTRATION RATIO OF 50
104 g2 1105 o COMBINED HEAT & ELECTRIC ENERGY COST VALUES
9+ R HEAT AT 30% OF ELECTRICITY
o z = “ 2 < SEPARATE HEAT & ELECTRICITY COST BASED UPON
= 81 Exrd 2 = SYSTEM COST ATTRIBUTED 1/3 TO ELECTRICAL
w74 = -l; 2% ENERGY AND 2/3 TO HEAT
[&} z 'S o =
6 v X ;‘ )
= -
54 '-; F5 o
4 g ore N
34 5 = E
2 F2 2 2 W
. & w
17 F 1 a

COMBINED LEVELIZED COST/KWH EQUIVALENT

40 50 60 70 80 n 100
PERCENT CLEAR DAYS '

ETC011979-38

FIGURE 2.4.1 COST OF ENERGY
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There is a lack of measured data for direct normal insolation in the
Dallas/Fort Worth area, as discgssed in Section 2.2. However, the value estimated by
‘Aerospace Corporation (Referenee 5 ) corresponds to 72% clear days in Figure 2.4.1.
The appropriate energy costs for the commercial system in 1981 (corresponding to the
DOE-generated economic factors) are abou£ 10¢/kwh (equivalent) or 10¢/kwh (electric)
and $10/MMBtu (thermal). The DFW Airport 1981 curve (corresponding tn actual
economic factors) yields 7¢/kwh (equivalent) or 7¢/kwh (electric) and $7/MMBtu
(thermal). Over the 20-year life cycle of the system, these values are competitive
with éonventional energy costs if conventional costs‘rige at moderate rates.

While near-term economic viability for the system appears excellent,
if long—CErmvmass production were carried on over a period of years, the usual learning
curve decfease in system costs should be realized. To estimate these reduced costs,
90% learning curves were applied to collector costs and cell costs, based upon the
volume assumptions given on Figure 2.4.1. Additiomally, a concentration ratio increase
to 50 from the cufrent 25 was assumed, based upon the lens analyses and tests conducted
during Phase I. The resultant levelized energy costs are presented as the lower twé
curves of Figure 2.4.1, for the two sets of economic factors previously discussed. Note
that the levelized energy costs for 72% clear days (Dallas/Fort Worth area) fall to
the 3-5¢/kwh (equivalent) or 3-5¢/kwh (electric) and $3-5/MMBtu (heat), depending
on which set of economic féctors are applicable. These values are competitive with
today's conventional energy costs and would thus be far l?ss than conventional energy‘
costs over the 20 year system life cycle. |

In summary, the proposed system design represents an economically
viable total energy source in the near-term, with incfeasing viability in the long

term.
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3.0 COMPONENT SPECIFICATION

J.1 Photovoltaic Array

Fodiad Photovoltaic Array Specification

The system is comprised of eleven photovoltaic array assemblies
(FIG. 3.1.1) each of which consists of ten collector modules mounted in a structural
frame, with appropriate tracking and drive facilities (FIG. 3.1.2). 1In each array
the modules are interconnected in series hookup, both electrically and thermally, to
produce nominally 2.5 KWe of DC power and 13 KWt thermal per array. The eleven arrays
are interconnected in parallel to provide approximately 27 Kwe of DC power at 260 volts,
nominal, to the power conditioning equipment for conversion to useable AC. The cooling
fluid system of the arrays is similarly connected in parallel to produce about 140 KWt
of thermal power to the heat transfer system, where it is coupled into the airport
boiler feedwater system.

The photovoltaic system has been designed to be compatible with a
realistic environment as defined in the specification listed below:

8 ‘Design Environment

Operational Survival (Stow Position)
Wind 30 MPH (13.4 mps) 90 MPH (40.2 mps)

gusting to 45 mph

(20 mps)
Temperature -20°F to 120°F -40°F to +l40:F

(=27°C to +49°C) (=40°C to +60°C)
Humidit 0 to 100% 0 to 100%
Rain 7 - 2 In./Hour (5cm/hr)
Snow - 12 In. Accumulation (30 cm
Ice - 1 In. Radial (2.5 cm)

Hail - it In..Dia.-Terminal
Velocity (2.5 cm)

Seismic - 0.25G Lateral Acceleration

e Design Life

?0) year operational life span requiring only normal maintenance.

In Table 3.1.1 the key elcments of each of the major components and/or sub-assemblies

of the photovoltaic array are described. Since the drawing package defines
in detail all specification criteria, it is the primary procurement and man-
ufacturing specificarion and as such is referenced for detailed design

and specification data.
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FIGURE 3.1.1 SYSTEM INSTALLATION



TILT DRIVE ASSY ———
COLLECTOR ASSY

ROLL AXIS

P
1

TILT DRIVE SHAFT

STRUCTURAL FRAME

IXED GROUND MOUNT

ARRAY INTERCONNECT

FLUID LINE WITH -—
SERVICE LOOP \TD MANIFOLD
e -36
e . FIGURE 3.1.2 ARRAY ASSEMBLY

TILT DRIVE ASSY\l

TILT DRIVE
MOTOR

ROLL AXIS BEARING

N L WIRING JUNCTION BOX

FIGURE 3.1.3 STRUCTURAL FRAME TILT DRIVE ASSY
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WT. (LBS)
PER
ARRAY
COMPONENT DESCRIPTION ASSY
COLLECTOR MODULE 1278

HOUSING STRUCTURE ¢ 10 MODULES PER ARRAY.

® GALVANIZED SHEET STEEL CONST.
e INTEGRAL ROLL AXIS SHAFT OR AXIAL CG

® ROLL AXIS DRIVE SHEAVE INTEGRAL
WITH END PLATE

® SENVIRONMENTAL LENS & JOINT SEALS

LENS ® 3 MM THK CURVED ACRYLIC FOR WHOLE
AFPERTURE

RECEIVER ASSY ® 53 SILICON SOLAR CELLS MOUNTED IN
SERIES ON COPPER HEATSINK

e COPPER HEATSINK BRAISED TQ A 15MM
NIA "NPPER TURE

© POLYURETHANE INSULATION BETWEEN
RECEIVER AND HOUSING

® SUPPORTED ALONG FULL LENGTH OF HOUSING

URIVES 5 358
ROLL AXIS DRIVE e 5WATT, AC-PULSE DRIVE
® SINGLE LINEAR ACTUATOR PER ARRAY

® CLOSED LOOP ACTIVE TRACKING IN
SINGLE DIRECTION

© 150° SKY COVERAGE
® SLEW SPEED — 5°/MIN.
TILT AXIS DRIVE © 50 WATT, AC DRIVE

® THREE (3) LINEAR ACTUATORS DRIVEN
BY COMMON SHAFT

®* MANUAL JOG CONTROI. FOR PERIODIC
ADJUSTMENT

e REMOTE TILT POSITION INDICATION
® SLEW SPEED — 1%%/MIN.

ARRAY STRUCTURE e HIGH STIFFNESS/WEIGHT RATIO SHEET 883
STEEL FRAME
e APPROX. 14.6M X 3.0M

e TILT AXIS AT SOUTH FACE

INTERFACES e SELF ALIGN BEARINGS FOR MODULE/ 25
FRAME MOUNT

® TEN MODULES WIRED IN SERIES TO
PROVIDE 260 VDC QUTPUT

® TEN MODULES PLUMBED IN SERIFS FOR
COOLANT FLUID FLOW

TOTAL ARRAY WEIGHT 2544 LBS.

ERCRIINTREA WEIGHT/APERTURE 10.6 LBS/FT 2

TABLE 3.1.1 PHOTOVOLTAIC ARRAY COMPONENT SPECIFICATION
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The two most critical items of the system are the lens and the
photovoltaic receiver. Vendors have been tentatively designated for these items:

e Lens: Swedlow, Inc., is currently providing prototype

quantities of cast lenses to E-Systems under company funding.
From schedular considerations, they are the leading candidate
lens supplier for Phase II. However, E-Systems is developing

an extrusion/embossing mass production technique under Sandia
Contract No. 13-2359. TIf acceptable lenses are available from
this program in time to meet Phase II requirements, they will

be used instead of cast lemses. Furthermore, additional lens
vendors, including 3M Company, are working on other production
processes under E-Systems funding and will be considered as Phase
IT suppliers.

e Photo.oltaic Cell Assembly: OCLI designed and fabricated the

prototype photovoltaic cell assembly which was successfully
tested during Phase I. Thus, they are the leading candidate
cell supplier for Phase II. -

Figures 3.1.3 and 3.1.4 are provided for ease in identification of the
major elements comprising the structural frame and the collector module, respectively.
The category identified as "Housing Structure'" in Table 3.1.1 includes the asterisked
items in Figure 3.1.4.

As part of the in-house E-Systems-funded program, a single test array
was constructed as shown in Figure 3.1.5. All structural aspects of the frame and
cullector modu;es are identical to the photovoltaic array configuration with the
exception of the ground mount. In this case it was necessary to elevate the array
to achieve a clear solar line of sight. It should also be noted that no lenses are
included in the installation. Masonite covers have been substituted on each of the

modules for simulation of weight and overturning moments.
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FIGURE 3.1.4 COLLECTOR ASSEMBLY
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The test array has been used to verify the structural and mechanical
design. Clearances, tolerances, deflectionms, drives, installation and alignment
techniques, and environmental survival characteristics have been checked and
measured as applicable and modifications made where required. The drawing package
reflects the latest design criteria resglting from the array testing.

Fele2 Prototype Fresnel/Photovoltaic Concentrator Development
and Testing

To verify the predicted performance of E-Systems Fresnel/Photovoltaic
collector, a prototype collector was designed, fabricated and successfully
tested during Phase I. Photographs of the prototype collector and receiver are
presented in Figures 3.1.6 and 3.1.7. The prototype design is representative

of the proposed production collectors with two major exceptions:

o The prototype lens is a parquet of 36 small compression-—
molded acrylic lens elements rather than the full-size, single-
piece cast acrylic lens planned for use in Phase 1T7I. However,
the parquet lens is a full three feet (91.4 cm) in aperture
width by eight feet (244 :-m) in length. Furthermore, the
same master tooling used to press the parquet lens elements
is also being used to make electroform tooling for the full-
size Phase II cast lenses. Thus, the prototype optical
performance should be the same as the production lens optical
performance.

e Because shadows are formed by the lateral ribs supporting
the parquet lens, gaps were provided between cells at shadow
points along the prototype photovoltaic receiver. Also,
because of test stand length limitations, a shorter receiver
was used for the prototype than planned for Phase II production
units. The combined effect of these constraints was to limit
the number of cells to 46 rather than 53. Since each cell
is 1.78 inches (4.52 cm) long and requires a 0.030 inch
(0.076 cm) space between it and the next cell, the integrated
length of the prototype cell string including spaces is
46 x 1.81 inches = 83.3 inches (212 cm), compared to 53 x 1.81
inches = 95.9 inches (244 cm), for the production receiver.
Thus the output power for the prototype is only é% or 86.67
of that for the production collector. For efficiency calcula-
tions, the effective aperture area is defined to be the cell
string integrated length (83.3 inches) times the full aperture
width (36 inches), or 20.83 ft2 (1.935 m2). No reduction in
aperture was treated for longitudinal joints between lens
parquct clements or for bolts used to hold these clements
together. The prototype cells are identical to those which
will be used for the Phase II production collectors.
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Figure 3.1.6 -Prototype Collector
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Figure 3.1.7 - Prototype Receiver
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The prototype collector was installed in E-Systems Fresnel

Collector Test Facility which was previously built under company funding.
This facility includes highly accurate instrumentation for collector performance
evaluation, including:
e A complete weather station including wind speed and direction,
an Eppley normal incidence pryheliometer calibrated by NOAA,

ambient temperature, etc.

e A turbine flowmeter and digital display calibrated and checked
at 0.5% accuracy.

o Platinum resistance sensors and bridges for collector water
inlet, outlet, and differential measurement. These devices
have been calibrated and checked at 0.03°F accuracy.

e A recently calibrated shunt resistor for measuring the
photovoltaic cell string current to 0.1% accuracy.

e Digital voltmeters accurate to the lp volt level tor
monitoring insolation, temperatures, voltages and currents

in the test collector.

e A wattmeter for monitoring power output from the photovoltaic
string within 1% accuracy.

e A solid-state variable resistance circuil simulator with high
stability for performing voltage/current curve measurements.

This test system was used to perform a variety of tests, including lens
optical performance measurements, collector thermal efficiency tests, col-
lector electrical efficiency tests, total collector efficiency tests, and
current/voltage characteristic curve tests for the photovoltaic collector.
These tests and their results are described below.

The optical performance of the Fresnel lens concentrator can be
specitied in terms ot two parameters: concentration ratio and transmictance.
The geometric concentration ratio selected for the collector is 25, including
the effects of all errors (tracking, manufacturing, deflectiom, etc.). Thus
the cell active width was set at 1.44 in. (3.66 cm) for the 36 in. (91.44 cm)
wide lens. The prototype lens easily met this focussing requirement, as the

image photograph of Figure 3.1.7 shows. Visual inspection indicates that
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nearly all of the image is contained within 1/2 of the cell width (about 0.72 in.
(1.83 cm)); thus the lens is achieving about a 50:1 concentration ratio as
theoretically predicted (Section 2.2). The dark bands on either side of the
bright image thus allow for sizable errors in tracking, alignment, deflectionm,
etc., without allowing the image to move off of the cell. Also note from

Figure 3.1.7 that the shadows caused by the lateral ribs in the parquet lens
fall properly on the polished copper blanks where cells were omitted from the
cell string. Regarding transmittance, the following test was performed to
measure this important parameter.

It is well known that the short-circuit current of photovoltaic
cells is directly proportional to the radiant flux incident upon such cells
(Reference 7 ). Thus if this current is measured-for the prototype receiver
cells under one sun conditions (without the lens) and then under concentrated
flux conditions (with the lens), the ratio of the latter to the former will
be the net flux concentration (geometric concentration ratio times lens
transmittance). The one sun test was performed as shown in Figure 3.1.8
with a black box mounted around the cells to allow all the direct normal
insolation to impinge upon the cells, but blocking reflected radiation from
the trough walls and blocking about 90% of the diffuse sky radiation. The
short circuit current was measured for several insolation levels to define
the flux/current proportionality constant. This constant was found to be
2033 w/mz-ampere, as shown in Figure 3.1.9. Using this measured constant,
all of the one sun data yielded a net concentration of 1.00 within 0.4%
maximum error. Three such calibration points are shown on the lower curve
of Figure 3.1.9. Next, ceveral short cirenit current tests were run with the

lens in place. Using the previously defined proportionality constant, these
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- results all defined a net concentration of 22.2 %+ 0.2 suns, despite insdlation
variations of 307%, as ,shown on the upper curve of Figure 3.1.9. Dividing net
concentration by geometric concentration provides the net transmittance of the

lens which was.89 + 1%, as also shown on Figure 3.1.9. Thus, the lens exceeded

the transmittance goal of 85%, as least over the silicom solar cell response
spectrum. This higher value is not totally unexpected, since the absorption

bands’ for acrylic are in the near infrared spectral region which is outside ?f the
response spectrum of the silicon cells. The full solar spectrum transmittance is
probably about 2% lower than the silicon cell spectrum transmittance due to this
infrared absorption. Thus, the lens transmittance is slightly higher for photovoltaic.
applications (89%) than for photothermal applications (87%), and in both cases, the
actual transmittance is higher than the original goal of 85%Z. In summary, the

new lens performed excellently in the prototype tests, thereby confirming the
theoretical performance p;edictions for this novel, optimized, short-focal-

length concentrator.

Overall collector electrical efficiency and total efficiency
(electrical + thermal) tests were also performed for a variety of conditions to
verify the predicted collector performance. Figures 3.1.10 and 3.1.11 pfésent the
results of these tests. Since electrical efficiency is primarily a fun;tion of
cell temperature, which is approximately 10°%¢ higher than fluid temperature
based on thermal énalysis, Figure 3.1.10 preéents measured overall collector
electrical efficiency as a function of fluid temperature. Note that this
electrical efficiency varies from about 137 at 15°C fluid temperature to about
9Z‘at about 95°C fluid temperature.

To empirically verify the weatherability of the photovoit;ic receiver,
it was left in ghe prototype coliector outside all winter. Data from tests conducted
both before and after this 60-90 day exposure are pfesénted in Figure 3.1.10 and
indicate no degradation in electrical performaﬁce.
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Collector total efficiency (electrical +_therﬁal) is primarily a
function of the usual thermal‘collector parameter (AT/Idn), wherein AT is the
fluid-to-ambient temperature differential and Idn is the direct normal insolation
flux. Thus this total efficiency data is presented in Figure 3.1.11 as a
function of (Af/Idn).

Data are again plotted er tests conducted immediately after
receiving the photovoltaic receiver from QCL}, and for later tests conducted after
60-90 days of actual outdoor weathering of the receiver in the collcctor. Some
slight variations are evident between the early data and the more recent data.
However, this variation is attributed to the'use of different instrumentation in
the two series of tests, as further explained below.

During Christmas week, 1978, E-Systems plant was closed and the’

prototype collector was left unattended. During the week, Dallas experienced

its worst ice storm in 30 years and the electric power to the plant was disrupted

for at least seéeral hours due to downed power lines. Since the test system uses
electrical heating for freeze protection, this power outage allowed severe freezing
to occur within the test loop, damaging the platinum resistance sensors, the turbine
flow heter, and plumbing. In January, 1979, the system was repaired but backup
differential thermocouples had to be used in place of the non-functioning platinum
sensors, and the flowmeter had to be recalibrated yielding a slightly different
calibration constant. The data points shown in Figura 3.1.11 before and after the
60-90 day exposure period, also corxespond to befora and after the ice storm and
cousequent change in instrumentation. Thus, the slight variation in these two sets
of data 1is. probably attributable to experimental error rather than to physical
changes in the collgcpor’s’pe:fppmapce.

o When total efficiency is plotted as shown in Figure 3.1.11, the i

intercepr of the curve yields the collector optical efficiency,. taF', wherein
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TOTAL COLLECTOR EFFICIENC™ (%)
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T is net lens transmittance, o is cell stack absorptance, and F' is receiver thermal
effectiveness. - For the prototype, the curve of Figure 3.1.11 yields about 70%.
The predicted value (Reference 9) was:

taF' = (0.85) (0.85) (0.99) = 71.5%

" Thus the agreement between theory and test is excellent, although the slightly
lower value measured is presuﬁably due to the cell staék absorptance being lower
than the estimated 85%.

The slope of the curve of Figure 3.1.11 yields the collector thermal

loss coefficient, U The measured value (0.18 Btu/hr—ftz-UF or l.b w/mZOC)

L
is slightly higher than predicted, but this effect is attributed to wind currents
entering the parquet lens and increasing convective losses, an effect which was
.especially noticeable under high wind speeds combined with high operating
- temperatures. The production collector should have a lower thermal loss.

The cﬁérent/voltage charac;eristic curve for the prototjpe
collector was measured for several conditioms, with typical results shown
in Figure 3.1.12. This curve agrees well with théoretical expectations. It
should be noted that the production unit will have about 157 higher voltage levels

due to 53 cells_rather'than the 46 cells in the prototype. Note that the short

circuit current is 11 amps, which indicates a net flux on the cells of 11 amps

w/mz)

amp

(2033 = 22,363 w/mz, which indicates a lens net flux concentration of

(22,363/1003) = 22.3 suns, which indicates a net lens transmittance of

22.3 9
( 25 ) = 89%.
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As ﬁresented above, the prototype test results agree well with
theoretical predictions and verify that the new collector performs at excellent
électrical and thermal efficiency levels. Table 3.1.2 presents a direct
comparison of predicted design~point performance (presented at the Mid-Program
Revlew, Reference 9) and measured performance from the curves of Figures 3.1.10

and 3.1.11 for the design point conditions. Note that the electrical, thermal,

-ahd totai collegtor éfficiencies measﬁ;ed %or the prototype agree with theoretical
predictions within a few percent. Such correlation indicates that the optical,
thermal and electrical processes occurring within the collector are well understood
and fully predictable. Finally, the new lens transmittance was measured to be
higher (897%) than the predicted goal (85%), proving that the new concentrator

can achieve excellent op;ical performance combined with extremely short focal

length, théreby‘providing high efficiency at low cost.

3.1.3 Photovoltaic Assembly Environmental Cycling Tests

OCLI conducted the following thermal c¢ycling test of E-Systems' sample
photovoltaic receiver module:

Number of cycles: 50

Extremes : -40° and +90°C

Rate of Temperature Change: 100°C/hour

Length of Cycle: 4 hours

Result: The module was inspected by Quality and Product Engineering
and no evidence of damage due to the exposure was noted.
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3.1.4 Shading Protection & Illumihation Transients

3.1.4.1 Shading Protection

There are two shading considerations to be taken into account:

1. Because of the roll-tilt tracking scheme of the system, up
to three cells at either end of a module can be shaded at various
times of the day and year. Figure 3.1.13. shows the % loss of
power as a function of longitudinal tracking accuracy for three
configurations of end cells. 1In the selected configuration of two
end cells in parallel and bypassed by one diode, the loss
due to shading can be kept to less than 3% for incidence angles

- less than 5°. As discussed in Sectiom 2.2.3.1, the annual

average incidence angle is less than &%,

2. The possibility of accidental and transient shading will be
handled by one bypass-diode around the remaining 47 cells in the
series string of one trough. Under these conditions the maximum
reverse voltage that can appear across any one solar cell is
approximately 25 volts, well below the breakdown voltage of the
cell. When that point is reached the bypass device will
turn on and reduce the reverse voltage across the shaded trough
to less than 1 volt’ and the current to essentially zero.

The diode used will be IN1199A type or equivalent, which are
specified at 12AMP forward current and 50V PIV.

3.1.4.2 Illumination Transients

The major illumination transient will be lightning during seasonal
thunder storms. Since it is highly unlikely that a lightning bolt would occur
exactly aligned with the optical axis of the concentrating system, no transient
problems with lightning are anticipated. Additionally under storm conditioms the
tracking and control system will have stowed the collectors in tha morning starting
position and disconnected the load from the systgm, so in the extremely
unlikely condition of a lightning bolt on the eastern horizon, exactly on the
optical axis of the collectors,only an'open circuit voltage transient would

be experienced.
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3.1.5 Array Material Costs

Array material costs have been accumulated in accordance with the DOE
guidelines and are presented in Table 3.1.5.1. It is felt that the unit values

used are reasonable and thus the cost picture developed therefrom is realistic.

As shown, the bottom line projected material cost for the'DFW Photo-
voltaic Fresnel Lens Array is $160.85 per square meter. Examination of the makeup of
this number clearly showns the bulk of the cost lies in the receiver, i.e. the photo-
voltaic cells represent 61% of the cost and the copper heatsink is another 8%. Only
31% of the total cost is in the array structural, optical and drive sections. However,
as discussed in Sections 2.2 and 3.1, botﬁ analyses and tests indicate that the new
lens can achieve higher concentration ratios, and thereby reduce cell and receiver costs;
To maintain such higher concentration ratios, tighter tracking accuracies and stiffer
structures will be required.‘ Tradeoff studies remain to be done to fully optimize
system performance/cost ratio. Thus the figures presented do not represent the ultimate

costs of the Fresnel photovoltaic array.

TABLE 3.1.5.1

ARRAY MATERIALS COST PER DOE GUIDELINES
Lbsv/krray Matl. Cost 2
Material $/Array $/M
Lens Acrylic 2644.7 .90/1b 220.23 9.88
Module Housing Steel 773.7 .25/1b 193.43 8.67
Receiver . Copper 2 165.0 l.7O/lb2 280.50 12.58
Cells & Interconnects | 8,764 cm T .25/cm 2,191.00 98.25
Array, Structure Steel 1001.0 .38/1b 380.38 17.06
Extrusions ) Alum. 66.8 '.85/lb 56.78 2.55
Tubing, Interconnects | Copper 34.5 1.70/1b 58.65 2.63
Gear Box Steel 4.5 4.00/1b 18.00 0.81
Gears, Chains Steel 5.0 4.00/1b 20.00 0.90
Motors - 7.5 3.00/1b 22.50 1.01
Glass Glass 34.9 1.20/1b 41.90 1.88
Misc. Items 907% Steel 206.4 ~.50/1b 103.20 ¢ 4,63
TOTALS 2544.0 3,586.57 160.85
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3.2 Power Conditioning, System Control & Switchgear

In the following subsections, a detailed description of the
power conditioning unit, system control (consisting primarily of tracking
control), and electrical switchgear will be presented. Additiomally, the
overall glectrical system performance will be summarized and the instrumenta-
tién for monitoring this performance will be described.

3.2.1 Power Conditioning

EvSystemﬁ er=lays a wnique solutinn fof tha convarcion of photo-

voltaic (PV) power to commercial érade 480 VAC 3@ 4 wire power. The pulse
‘widch modulated (Pwm)linverter consisting of six banks of medium power switch-
ing transistors provides a highly efficient and cost effective design. In
compérison to standafd'éommercial inverters, the PWM inverter is ten percgﬁt
mofé éfficient at one-fifth the cost for production units.

The Power Conditioning Unit (PCU) performs the following functions:

i Supplies stable filtered 3¢ 60 HZ power to the test load.

e Automatically switches from utility line source to PV array
when 'V poweyr pruductiou eaceeds paraslile lusses.

i'AAutomatically switches from PV array source to utility line
when PV power production falls below parasitic losses.

e Operates in a peak power point tracking mode to maximize PV
‘power production.

e Provides fault protection and isolatién of PV arfay and utility
line.

e Supplies supplemental rectified DC power from utility line to .
maintain inverter input power at constant 27 KW level.

e Limits injection of harmonics.
¢ Maintains DC ripple constant below 2% of DC imput current.
Power conditioning unit (PCU) specifications are listed in Table

3.2.1. Figure 3.2.1 illustrates the key components of the PCU as described
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below. Figure 3.2.2 is a picture of a similar PCU having a capacity of 325

KVA. PCU specifications are listed in Table 3.2.1.

PCU Input Power
PCU Input Current
PCU Input Voltage

Overvoltage
Overcurrent

PCU Qutput Voltage
PCU Qutput KW
Harmonic Distortion
Ripple Current
Inverter Efficiency
Rectifier Efficiency
Ambient Temperature
Relative Humidity

Pressure
Electrical
EMI

TABLE 3.2.1

PCU SPECIFICATIONS

27 KW

104 Amps nominal

200-300 VDC, 260 VDC nominal

350 VDC Max.

200% rated current

480/277 VAC 3@ 60 Hz &4 wire

26 KW (28 KVA at 0.93 Power Factor)
Less than 57 total, 1% any one harmnnic
Less than 2% of DC input current
97% at 27 KW

Up to 97.5%

-10 + 45°C

96% non condensing

520-760 mm Hg

Conforms to NEC

Conforms to Mil Std 461-A

Primary components included in the PCU are:

Inverter -

Recrifier -

Power Monitor-

PCU System
Control -

Transforms PV array power tn conventional AC power.
Six banks of 58 medium power transistors sharing a

common input from the eleven arrays are distributed
to form three legs of the 39 60 Hz circuit. Fault

protection and ccntrol circuits are included.

Provides DC power to the inverter to maintain the
27 KW input level whenever the PV array output
falls below 27 KW. Regulated power supply consists
of a two stage rectifier, diode sertion in series
with a SCR section which provides precise output
voltage control.

Control circuitry monitors PV array output and
originates a power signal directly proportiomnal to
PV array power delivered to the inverter. Analog
integrated circuits monitor and compute instan-
taneous power levels.

Provides the peak power point tracking control
signal by sampling instantaneous power levels and
comparing the last sample with the previous value.
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The voltage regulation control signal commands the
rectifier to increase or decrease output voltage
and results in the appropriate adjustment of the
.PV array output voltage to maximize PV array power
output. Analog and digital integrated circuits
generate control signals.

Switchgear - Contactors and delzy relays are used for fault
protection and switching.

Selection of the switched transistor PWM inverter was based

on its performance and cost advantages as shown in Table 3.2.2.

TABLE 3.2.2
PCU COMPARISON CRITERIA
Standard SCR Transistor
Power Inverter Inverter
Conversion 847 97%
Efficiency
Mominal : 30 KW (0.8 PF) 27 KW (0.8 PF)
Rating . .
Voltage 130 DC/120 AC 260 DC/277 AC
MIBF/Reliability 60,000 HR 10,000 HR
commercial unit . initial units
produced
Availability . Production . Dgsigned
(Mod Required)
Equipment Slze/ Large  Suwall
Heat Dissipation
Production Cost - $1275/KW $200/KW
3.2.1.1 PCU Control

PCU control functions are performed within the PCU. Voltage
regulation provides output voltage independence from PV using input voltage
variations. Voltage feedback from each inverter output is applied to the
corresponding modulator compéritor. Synchronization of inverter output

with the power grid, inverter phase angle relationship and inverter frequency

79



[

stability is provided by monitoring the power grid with a three phase con-
trol transformer.

Control of,the.inverﬁer's switching tramsistor is provided by
the inverter controller logic.chip that interfaces modulators and drive buffers.
It is a state machine whose next clock intermal state is a function of four
present state registers and 16 additional inputs. Logic comparitors provide
fault inputs to the inverter controller for overvoltage or undervoltage
conditions or out of limits logic voltage.

| Control of tramsistor failure guuditinns is prewided by fusluy

‘each transistor. Load faults which pull the transistors out of near saturation
will interrupt the control chip and cause the ocutput stage to be momentarily
turned off. Drive is reapplied within a few miliseconds so that a safe |
current limited mode of operafion}can allow the fault to clear. 'Con;inua—_'
tion of the fault results in input and autput contactors opening and PCU
shutdown.

Specific control involving electromechanical contactors and
delay relays will be discussed in sectiom 3;2.3.

3.2.1.2 Peak Power Point Trébk;gg.

The PV array output is monitored-and the peak power point is
tracked by adjusting the rectifier output voltage. The rectifier vo}tage is
a forcing function that sets the operating voltage level for the array.
Figure 3.2.3 illustrates the power curve on which rectifier vo;tage forces
the array éo opérate.

uDiscrete'logic provides tracking contrpl based on array power.
which is sémpled at a oneAsécond interval. Each power level measurement is
compared to the lasf &alue and a voitage cont?ol o#tpu; is generated. As 3

long as the lést measured power continues to be higher, the control voltage
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will maintain tﬁe same polarity (Arrow A) and continues to seek the peak power
point with a voltage increase.

Once the measured power indicates a reduction from the last value,
(Arrow B) the control voltage will reverse its direction of change. This
indicates that the peak power point has been passed. A decreasing rectifier
voltage will drive the array power production (Arrow C) back to its maximum.
The hunting will continue with 0.4 volt incremeht per second. Normal operations
consist of an oscillation about the peak power point ti.t maintains rectifier
voltage'within + 0.4 volts. The tracking circuitry has 256 steps which can
be preset to a selected voltage increment for fine or coarse tracking.
Using tﬁe 0.4 volt increment, the time required to reacquire the peak power
point would average two minutes where the peak pnwer point shifts to oeither
extreme. A worst case time would be 4.3 minutes to track from 200 to 300
volts DC.
3.2.1.3 Efficiency

A high efficiency PCU was selected to minimize system parasitic
losses. This approach is state-of-the-art and further improvements are not

currently available, Table 3.2.3 rnntains the power leoccaes and cffieiency

of the inverter.

TABLE 3.2.3
INVERTER EFTICIENCY*

Unit Parasitic Losses (Watts) Efficiqncy

Full

Load
Inverter 540 98%
Transformer _270 99%
Total 810 97%

*The inverter always operates at full load in the DFW Photovoltaic system.
Thus, parasitic losses and inverter efficiency are constant.

82



The inverter efficiency of 97% is substantiated by test data derived
from actual tests of a similar inverter.

A calorimeter test performed on one of the 325 KVA transistor
switching modules resulted in measured heat losses of 151 watts which was
equivalent to 98.2% efficient.

Figure 3;2.4‘shows the rectifier effiéiency as a function of
rectifier power delivered. Rectifier parasitic losses are shown in watts.
Rectifier efficiency increases rapidly as loading increases. Normal daily operationms
will require rectifier outputs from zero up to about 25 KW to supplement the PV
arra&.' While the rectifier efficency is low at low power levels, the actual power
losses are small when compared to the total power de;ivered by the PV arrayf

3.2.2 System Control

PV array system control describes the start up, sun tracking, shut
down and fault conditions that are incorporated into the control éircuitry. Controls
internal to the PCU are discussed in the PCU and Switchgear section. Process control
of coolant flow is included here.

3.2.2.1 Tracking

The tracking system is designed to proviae roll axis tracking accuracy
of + 0.05 degr;es, tilt axis accuracy of + 0.75 degrees and automated controls ﬁo
allow automatic roll axis tracking and safé operation.

Roll axis control is self starting, active tracking and responsive
to insolation intensity and fault conditions. Tilt axis tragking requires
periodic manual adjustments simultaneously positioning all eleven arrays to

compensate for the 63 degree variation which occurs over a six month period.

Figure 3.2.5 illustrates the roll and tilt block diagrams.

3.2.2.1.1 Roll Axis
Roll axis cracking'control is provided by the tracking and control
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A

unit which is mounted on the master module of each array.
The tracking and control unit provides:

Automatic start of array track

One direction track

Bi-directional slew

Roll axis tracking error signal _

Low insolation level detector and track inhibit

Insufficient insolation and return to stow signal

End of day return to stow signal

High temperature limit return to stow

Loss of pump motor return to stow

Reset tracking logic at stow in preparation for the next day

Roll axis tracking is single direction track and two direction slew.
The unit will initiate tracking and follow the sun until the end of day occurs and
a stow command is generated. Intermittent cloud cover will cause the insolation level
detectof to generate a track inhibit command when the low insolation threshold is
violated. The arrays will stop tracking until the cloud passes and the arrays re-
start and slew to the sun's new position. Extended cloud coverage will cause collector
temperature to drop and result in the coolant pump_motor,co‘tufn off. 1If the light
level decreases below the second ;h;eshold due to heavy storm related clouds, all-
arrays will return to stow. The roll axis Qotor is a fiveswa;t instrument motor with
a six RPM output speed. The array can be slewed from East limit to West limit (150
degrees) in thirt} minutes. Slew speed is five degrees per minute which is twenty
times the average track speed. The high slew speed provides for rapid repositioning
o% the array from stow to a late start position up to 120 degrees west of stow.

Limit switches are placed to inhibit roll axis rotation at either end of
the 150° track. A éositive interruption of the current to the track motor as well as
logic interrupts to the tracking and control unit are provided by the limit'switches.
Local control switches are mounted in the roll axis drive enclosure to
allow an array to be taken off-line in the roll axis. Qpce off-line, the array can

be manually controlled in roll independent of the other arrays. A prototype roll

axis tracking control unit was tested during Phase I and provided * 0.02° tracking

accuracy, substantially better than required.

3.2.2.1.2 Tilt Axis

The tilt axis control system is manually activated by an operator about
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every four days (every two days near equinox, every week near solstice) to reposition
the eleven arrays. A position potentiometer located on the master array

provides position feedback data to the analog display meter, on the

operator's console control panel

The tilt axis is driven by a 1/15 horsepower 30 RPM gear motor,
which provides full travel of 64.5 degrees in 30 minutes.

Each array's drive motor is controlled by two latching relays, one for up
and one for the down direction. The relays are located in the panel box
at the base of the array. The box also contains local control switches for
isolating the array .and manually positioning the array in tilc. $imultaneous
control of the eleven arrays is exercised by a single set of latching relays
at the 'control station. One relay provides up control and one ﬁrovides down
control. Either relay latches and holds until manually interrupted by the
‘operator depréssing the off button:” The tilt axis drive hardware is ‘dupli-.
cated for each of the eleven arrays. Only the master array has the tilt
axis- position transducer -for positioning control.

)

The master array's position transducer provides an analog voltage
proportional to the array's position. The transducer is a single turn poten-—
tiometer with 5 VDC applied across the full potentiometer. An output of
0-1 VDC represents 64.5 degrees of travel which will indicate full scale on
the tilt angle paﬁel meter. The panel meter has twélve months and days of
the ﬁonth annotated across'the meter face so that 182 divisions represent
the maximum range of the tilt axis. fhe non-linearity of the elevation
track between solstices will be compensated for by layout of the meter face
scale. Position accuracy is within 0.75 degrees.

Repositioning of the master array tilt is done by manually pulsing
(energizing) the tilt axis motor in the up or down airectioﬁ until the tilt
axis position meter indicates the appropriate day of the yéar. All array

tilt axis drive motors operate from the same control relay which provides
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electrical slaving of all arrays. Position errors which accumulate over extended
periéds of time are removed when the arrays are returned to the prealigned stow
position.

A wind sensor mounted with the weather station provides a contact
closure with a wind speed exceeding 45 MPH (20 mps). This switch action will activate
the tilt axis drive motor to move the arrays to the tilt axis stow.

3.2.2.2 Process Control

The_cqolant pump is included in the control™system—The one horse-
power 480 VAC 30 motor is actuated from the control panel. A motor contactor
provides a loss of power signal té the track and control unit of each array. When
activated,-all arrays drive to sgow. The master array has a temperature sensitive
switch located on one module's receiver. A rise in receiver temperature above
100°F will activate the coolant pump motor, while a drop in r;ceiver temperature
“below 90°F will shut off the pump motor. |
3.2.3 Switchgear

Standard electromechanical power switchgear is used to transfer
load between array and utility power grid. Isolati;n of the PV array from the
utility power grid and protection from utility load and PCU faults are provided.
Delay relays protect against restart faults. AC load switching
1s "make before bLreak" Lu provide continuous operations.

All switchgear is included in the PCU with the following exceptions:
480 VAC 3@ line circuit breakers
260 VDC array circuit breakers -

solid state blocking diodes

3.2.4 Electrical System Parasitic Losses

In addition to the parasitic losses of the PCU, additional losses are

inherent in the system. Table 3.2.4 contains the losses estimated for DFY.

3.2.5 Instrumentation

The PCU is instrumented to monitor power, integrated power, current
and voltage as illustrated in Figure 3.2.6. Measurement transducers are
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TABLE 3.2.4
PARASITIC LOSS
z »
Peak
Loss Array
Source Remarks - (Watts) Power
Wiring Est 484 ft. # 10 cdpper wire 418 1.5
Blocking diodes 11 diodes 0.6 VDC at 9.4 AMP 62 0.2
Transformer 50 0.2
Relay 26 relays at 3 watte 79 n.3
Power Eﬁ;ﬁlies 2 units ' : 95 0.5
" Track motors 11 tilt and roll motors 3 0.01
Coolant pump
o bor Vendotr data 600 3.2
Total A 1306 4.91

located in the monitor panel and provide control signals to the data logger
and for presentation on the display panel. Transducers are accurate to

0.5%2. All transducers are off the shelf commercial devices.
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' FIGURE 3.2.6. ELECTRICAL SYSTEM INSTRUMENTATION
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3.3 Thermal System

The thermal system is a simple recirculation loop through which a
30% ethylene glycol/water solution circulates, absorbing thermal energy in the
collector field, transferring the energy collected through a boiler feedwater
heat exchanger, and then returning the fluid to the collector field. The thermaiy4
transfer portion of the circulation loop is shown schematically in Figure 3.3.1.
A heat exchanger module which includes the pump, boiler
feedwater heat exchanger, over-temperature Heat exchanger, expansion tank,
controls and instrumentation has been designed and will be located in the basement
of the Central Utility Facility at the DFW airport. All components are existing,
off-the-shelf, short lead-time procurement items that have been used in
hydronic systems for many years. Major components, piping and insulation system
and instrumentation are:

e Pump - a one-~horsepower Bell and Gossett Series 1522-12 centrifugal
pump provides the required pumping head at the design flow rate
(6250 kg/hr). Overall motor-pump efficiency is 44% at operating
point.

e Boiler Feedwater Heat Exchanger - a single pass, counterflow
shell-and-tube Bell and Gossett heat exchanger, two in series,
model STH-630~1. At design conditions, overall heat transfer
coefficient (UA product) is 12000 w/°C; pressure drops are 7 psi

for glycol solution and 1 psi for feedwater.

e Over-Temperature Heat Exchanger - a single unit as described for
the boiler feedwater heat exchanger above.

e Expansion Tank - sized for fluid thermal expansion and system
operating pressure range. 80 gal. ASME code pressure tank.
125 psi working pressure. Maximum temperature 450°F. Manu-
factured by Thrush Products, Inc.

e Piping - sizes selected to minimize pumping head requirements

“and to evenly distribute flow to 1l arrays. Nominal 2 in (5 cm)
type M hard.copper tubing from collector field to heat exchanger
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rack. Nominal 2 in (5 cm) carbon steel ASTM A-106 Grade B pipe
throughout heat exchanger module assembly. Total pressure drop
through manifold piping and arrays is 15 psi. :

Insulation - Johns-Manville Micro-Lok 650 fiber glass insula-
tion with aluminum jacket for exterior environmental protectiom.
Nominal 3 in. (8 cm) from collector field to heat exchanger
module; nominal 2 in (5 cm) from heat exchanger module to
collector field. On annual basis piping thermal losses are
only 3 1/2% of met heat collected.

Instrumentation - Thermocouples and resistance temperature

sensors (RTD) located throughout collector field and thermal system
to measure fluid temperature. For all energy balance. measurements
the RTD and thermocouples will be used in a differential mode

to measure inlet to outlet temperature differences across major
components. -In differential mode RID's provide 0.02°C accuracy
while thermocouples provide 0.1°C accuracy. For absolute
temperature measurements these accuracies are 0.5°C for RID's

and 1°C for the thermocouples. Specially calibrated turbine
flowmeters will be used which have accuracies of 0.5% of flow.
Semiconductor pressure transducer will be used with accuracies:-

of 1% of pressure.
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4.0 ENVIRONMENTAL ASSESSMENT AND IMPACT

The photovoltaic system proposéd fo; DFW Airport will be placed
on the central utility plant in the center of the terminal area of the airport.
The immediate environment, therefbre, is secure, of limited access, and
populatedAwith professionals and skilled labor who will be knowledgeable -of
the system and'it§ purpose. The only chemical ;6mponent used in the systém
is a water solution of ethylene glycol, or antifreeze which is a nonvolatile
compound 6f° very low tdxicity which is used in a closed hea; exchanger sub-
system. No emissions to ﬁ_he atmosphere will ocm'n' during nnrmal aperation
and accidental leskage and spillage of this solution can be cleaned up and
disﬁosed of with no loss to the environment.

DFW Airport has been designed to emphasize its functional aspects..
The 1andscapé is dotted with manifestations of this functionality. Radar
Antennas, Control Towers, Power lines, and the electrified tracks of the
automatic people mover, Air Trans, are all part of the local environmgpt.

The proposed photovoltaic system will fit into and become a compatible
part of this.

The one area of environmental sensitivity could be the power
inverter which will convert tée D.C. power generated by the photovol&aic
systam to 60 cycle A.C. power suitable for use in the central utility plant.
The solid state power devices used in this subsystem will be switching on
and off during normal operation and will geneérate harmonics of the fundamental
frequency which, if uncontrolled and powerful enough, cou}d interfere with

one or more of the radio frequéncy communication systems at the airport.
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This envirommental factor has been considered in the design of
the inverter subsystem, which will conform to the military specification
MIL-S-461-A. Measurements of RFI will be made on the system and if necessary
additional precautioﬁs will be taken to reduce the§e emissions below the
level of sgnsitivity. No problems in controlling this enviromnmental factor
are anticipated.

In general then, the proposed. photovoltaic system at DFW Airport
will have minimal or no impact on the local surrounding but will be readily

integrated into, and become a compatible part of, that eavironment.
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