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- Bruce OSbO_I‘IIf Dish-Stirling systems have demonstrated the highest efficiency of any solar power gen-
Stirling Energy Systems, Phoenix, AZ eration system by converting nearly 30% of direct-normal incident solar radiation into
electricity after accounting for parasitic power losses [1]. These high-performance, solar
ot power systems have been in development for two decades with the primary focus in recent
Wolfgang Schiel years on reducing the capital and operating costs of systems. Even though the systems
Schlaich-Bergermann und Partner, currently cost about $10,000 US/KW installed, major cost reduction will occur with mass
Stuttgart, Germany production and further development of the systems. Substantial progress has been made to

improve reliability thereby reducing the operating and maintenance costs of the systems.

Vv Goldb t As capital costs drop to about $3000 US/kW, promising market opportunities appear to be
ernon ‘0 erg developing in green power and distributed generation markets in the southwestern United
WGAssociates, Dallas, TX States and in Europe. In this paper, we review the current status of four Dish-Stirling

systems that are being developed for commercial markets and present system specifica-
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| Introduction Stirling systems are being deployed in pre-commercial applica-

With restructuring of utility markets, the emergence of greer%or:gpind as demonstration systems at locations in the U.S. and

power markets, and the increased worldwide demand for distrib-g |- thermal power systems, which are also sometimes re-

uted generation, the opportunities for small power systems rangi o o as concentrating solar power systems, utilize the heat
ing in size from a few kW to several MW are increasing at a rapiffenerated by concentrating and absorbing the sun’s energy to
rate. This increased demand is largely being met by existing ifrive a heat engine/generator and produce electric power. Three
ternal combustion and gas-turbine power generators, but it is a&é’neric solar thermal systems, power tower, trough, and dish-
the motivation for new technology development such as micr@ngine systems, are capable of producing pd@rTrough sys-
turbines, fuel cells, and other alternative power generators. Ogens use linear parabolic concentrators to focus sunlight along the
solar power generation system that is targeted for applicationfiscal lines of the collectors. In a power tower system, a field of
these emerging markets is Dish-Stirling technology. In fact, Dislwo-axis tracking mirrors, called heliostats, reflects the solar en-
ergy onto a receiver that is mounted on top of a centrally-located
tower. Dish-engine systems, the third type of solar thermal sys-
*Editor. tem, comprise a parabolic dish concentrator, a thermal receiver,

fContributing author. and a heat engine/generator located at the focus of the dish to
Contributed by the Solar Energy Division oHE AMERICAN SOCIETY OF ME- generate power.
CHANICAL ENGINEERSfor publication in the ASME QURNAL OF SOLAR ENERGY Of the th | h | hnoloai h-el .
ENGINEERING. Manuscript received by the ASME Solar Energy Division, June the three solar thermal technologies, trough-electric systems

2002; final revision, October 2002. Associate Editor: R. Pitz-Paal. are the most mature, 354 MW are installed in the Mojave Desert
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of Southern Californig3], and the first commercial power towersfirst of the historical systems, the 25-kW Vanguard system built by
are currently being designed for installation in Sppdi. Dish- ADVANCO in Southern California, achieved a reported world
Stirling Systems, which are the least developed of the three teckeord net solar-to-electric conversion efficiency of 29.A%h
nologies, are being deployed as demonstration units and soffee Vanguard Dish-Stirling system utilized a glass-faceted dish
pre-commercial plants are in the planning staddsTrough sys- 10.5 m in diameter, a direct insolation receiv@®IR), and a
tems produce about 75 suns concentration and operate at temperated Stirling 4-95 Mark Il kinematic Stirling engine. In 1984,
tures of about 400°C at an annual efficiency of about 10%. Pow®ro 50-kW Dish-Stirling systems were built, installed, and oper-
towers operate at a concentration of about 800 suns, produce teted in Riyadh, Saudi Arabia, by Schlaich-Bergermann und Part-
peratures of about 560°C and have annual efficiencies of abowetr (SBP of Stuttgart, Germany9]. The dishes were 17-m dia,
15%. Dish-Stirling systems have demonstrated the highest efitretched-membrane concentrators, formed by drawing a vacuum
ciency of any large solar power technology, producing more tham the plenum space formed by the dish rim and front and back
3000 suns concentration, and operating at temperatures of 75@t€l membranes. The optical surface of the dish was made by
at annual efficiencies of 23%®,7]. bonding glass tiles to the front membrane. The receivers for the
Dish-Stirling systems track the sun and focus solar energy inBBP dishes were DIRs and the engines were United Stirling 4-275
a cavity receiver where it is absorbed and transferred to a hé&atematic Stirling engines.
engine/generator. Figure 1 is a representation of a Dish StirlingA third Dish-Stirling system was built by McDonnell Douglas
System with the major system components, the dish, the powsgrospace CorporatioMDAC) in the mid 1980s and, when
conversion uni{fPCU), etc. identified. Although a Brayton engineMDAC discontinued development of the technology, the rights to
has been tested on a digd] and some companies are consideringhe system were acquired by the Southern California Edison Com-
adapting micro-turbine technology to dish engine systems, kingany (SCBE [10,11]. The parts for eight systems were built, and
matic Stirling engines are currently being used in the four Dislthree systems were tested in the early 1980s. The MDAC/SCE
Stirling Systems being developed today. Stirling engines are prish was the first Dish-Stirling system designed to be a commer-
ferred for these systems because of their high efficiencieml product. It built on the design of the Vanguard Dish-Stirling
(thermal-to-mechanical efficiencies in excess of 40% have begystem, using the same DIR and the USAB 4-95 Mark Il engine.
reported, high power density40—70 kW/liter for solar engingés SCE operated the system from 1985 to 1988. Stirling Energy Sys-
and potential for long-term, low-maintenance operation. Distlems(SES of Phoenix, Arizona, acquired the technology rights
Stirling systems are modular, i.e., each system is a self-contairet system hardware in 1996 and have continued development of
power generator, allowing their assembly into plants ranging the system.
size from a few kilowatts to tens of megawatts. The near-termIn 1989, the Schlaich Bergermann und Partner built their first
markets identified by the developers of these systems include 7e5-m stretched membrane concentrator equipped with a SOLO
mote power, water pumping, grid-connected power in developingl60 Stirling engine. First, in polar tracking configuration and
countries, and end-of-line power conditioning applications. later in an azimuth/elevation tracking configuration, the systems
In the following sections, we describe some of the backgroundere operated for more than 30,000 hr on sun.
of Dish-Stirling Systems and present design and performance dein 1991, Cummins Power Generation, working under cost-
tails for the four pre-commercial, prototype systems, currently behared agreements with the U.S. Department of Energy and San-
ing developed in the U.S. and Germany. We also present somedad National Laboratories, started development of two Dish-
the details about advanced components under development $tirling systems—a 7-kW system for remote applications and a
dish systems. Last, we present an overview of the current aB8-kW system for grid-connected power generafib?,13. Cum-
potential cost of electricity from Dish-Stirling technology and thenins was innovative in its Dish-Stirling systems, incorporating
emerging markets for solar dish power generation systems. advanced technologies into the designs, such as: a solar concen-
trator with a polar-axis drive and polymer, stretched-membrane
Il Background of Dish-Stirling Systems facets, heat-pipe receivers, and free-piston Stirling engines. The

Over the last 20 years, eight different Dish-Stirling Systengeat-pipe receiver transfers the absorbed solar heat to the engine

ranging in size from 2 to 50 kW have been built by companies W evaporating sodium and. condensing it on the tubes of the en-
the United States, Germany, Japan, and Rygdidn this section 9ine heater head. The receiver serves as a thermal buffer between
i ' ; ae concentrator and the engine, and because it transfers heat to

of the paper, we present detailed background information that ﬁf@ ; ) . ’
rectly pertains to the four systems under development today TH €ndine by condensation, it allows the engine to operate at a

high average temperature and efficieriéy,15. The two Cum-
mins programs made progress, but were terminated in 1996 when
Cummins’ parent company, Cummins Engine Company, realigned
business along its core area of diesel engine development. The
assets of the Cummins solar operations were sold to Kombassan,
a holding company in Alanya, Turkey.

Dish-Stirling systems have demonstrated that they are capable
of producing electricity for the grid and for remote power appli-
cations. Technology development needs are for low-cost compo-
nents and systems that can operate unattended at very high levels
of reliability. Current efforts are focused on establishing reliability
and, through break-and-repair approaches, identifying the compo-
nents that require improvement, redesign, and replacement. In a
parallel approach, advanced components, such a heat-pipe receiv-
ers, controls, and optical surfaces, that promise higher reliability
and lower cost are being designed and tested.

[l Descriptions of Dish-Stirling Systems

H[FlE[:TE]ﬁ PEDESTAL In this section, we present descriptions of the four Dish-Stirling

systems that are currently being developed for commercial appli-
cations. For each system, we provide a photograph of the system,
Fig. 1 Dish Stirling system components background information on the system, descriptions of the system
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Table 1 Definitions of specifications and terms listed in Table 2

Concentrator

The solar concentrator is the system component that tracks the sun, collects the solar energy, and focuses it into the
thermal receiver.

Type

No. of Facets
Glass Area (rf)
Proj. Area (n3)
Reflectivity
Height (m)

Width (m)

Weight (kg)
Tracking Control

Focal Length(m)
Intercept Factor

Peak Condsuns

All of these concentrators have reflective surfaces made from individual pieces of highly reflective glass. The dishes may
comprise many facets arranged in such a manner as to approximate a paraboloidéhshapemate or the facets may
be laid out and contoured so that the dish shape is intended to be a paraboloid of re\(pkartidroloid.

The total number of distinguishable facets, not the number of glass pieces that comprise the dish.

The total glass area on the surface of the dish.

The total glass area projected in the plane of the collector aperture.

The new, clean reflectivity of the glass as measured in a standard laboratory.

The distance from the ground to the highest point on the collector when it is oriented at its highest profile position,
generally when facing the horizon.

The maximum width presented by the collector.
The weight of the collector, including the pedestal, support structure, glass, drives, and PCU support.

The control methodology for the collector. An open-loop control tracks by aiming the collector at the sun’s calculated
position in the sky. A closed-loop control measures a parameter at the collector or regesivally solar energy or
temperaturgand tracks the collector in response to the measured variable.

The measured focal length of the solar collector.

The fraction of the solar energy collected that is reflected through the receiver aperture. This is based on actual, clear day
measurements.

Measured peak concentration of the collector normalize to DNI of 20002W/m

Power Conversion Unit

The power conversion un{PCU) comprises the receiver, the engine, and the generator.

Aperture Dia.(cm)
Engine Manf/Type
No. of Cylinders
Displacementcc)
Op Speedrpm)

The receiver aperture diameter.
Engine manufacturer and type of engine.
Number of cylinders.
Total displacement of the engine.
Engine operating speed.

Working Fluid Engine working fluid.

Power Control Means by which the engine output is controlled in response to the changing solar input.

Generator Type of generator used in the system.

System The following system information is actual, measured performdimmicated by bold letteysor system performance
Information estimategindicated by normal italics typk.

No. Systems Built
On-Sun Op(hrs)
System RatingkW)

Peak Net OutputkW)

Peak Net Effic(%)
Ann Net Effic (%)

Annual Energy
Production(kWhrs)

The total number of complete systems that have been built and operated.
The total number of on-sun and hybrid operational hours for the systems listed above.
The system nameplate rating.
Peak, net measured system output for a minimum of 5 minutes of continuous operation and normalized to a DNI of
1000 W/nt, clean mirrors, and at an ambient temperature of 288°K.
Peak, net measured system efficiency for a minimum of 5 minutes of continuous operation and normalized to a DNI of
1000 Wi/n¥, clean mirrors, and at an ambient temperature of 288°K.
Annual, net efficiency estimate based on the reported performance curves and reported operating wind speeds calculated
using TMY2 data for Albuquerque, NM, USA. Assumes 100% availability.
Predicted annual performance in Albuquerque, NM, USA, based on TMY2 data, the measured system performance curves,
specifications for wind speed, and an assumed availability of 90%.

components, and a paragraph describing the corporate busire=sond-generation Dish-Stirling system was designed and four
development plans. Table 1 lists the parameters and detailed sgstems were tested starting in 1997. Major features of the
scriptions of the specifications and performance parameters liststond-generation system included the following: face-down stow
in Table 2. The information presented in Table 2 is system infote protect mirrors and keep them cleaner; staggered facet arrange-
mation collected through February 2002 that has been doauent to reduce wind loads; increased mirror area to increase
mented by test and measurement. In those cases where inforp@wer output; upgraded dish control system; non-pressurized en-
tion is not available, the corresponding table entry has been Igfhe crank case to reduce cost; gearbox between engine and gen-
blank. erator to increase system capacity; and hylificel) operation
There are a number of parameters that are similar for the focapability for electricity dispatchability and enhanced energy pro-
systems including: trackingall four systems utilize elevation- duction [17]. Figure 2 is a photograph of the SunDish Dish-
over-azimuth tracking approachesall systems use direct- Stirling system, which is installed at the Salt River Project near
illumination receivers(DIR); cooling systemgthe fan/radiator Phoenix, Arizona.
type, similar to automotive cooling systeiibrication systems  Four second-generation systems are operating today. System 1,
(which use motor o)t and the operating temperature range for thégelded in April 1998 at the Pentagon in Washington, DC, was
receivers (700-750°C). moved in January 1999 to the Arizona Public Service Solar Test
. and ResearchAPS STAR site. At the Pentagon, the system op-
SAIC/STM SunDish System erated at half power due to poor optical beam quality resulting
Background. Science Applications International CogAIC) ~ from structural deflections. This issue was addressed prior to in-
and STM Power, Inc. have been developing a Dish-Stirling poweétalling the system at the APS STAR site, where the dish ran on
system for utility applications since November 1993. The devegolar energy and in the hybrid mode on natural gas and hydrogen.
opment of the SunDish system followed many years of separdgstem 2 was fielded in October 1998 at Golden, Colorado. It is
development of the stretched-membrane solar concentrator used to evaluate beam optical quality and the changes in beam
SAIC and the development of the kinematic Stirling engine bguality that can occur with time. This dish is in use today as a test
STM. After testing an initial prototype system in 199%56], a bed for engine performance and alternative converter testing. Sys-
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Table 2 Comparative specifications and performance parameters for DS systems

SAIC/STM SBP SES WGA (Mod 1) WGA (Mod 2)
Concentrator System System System ADDS System Remote System
Type Approximate Paraboloid Approximate Paraboloid Paraboloid
No. of Facets 16 12 82 32 24
Glass Area (M) 117.2 60 91.0 429 429
Proj. Area () 113.5 56.7 87.7 41.2 41.2
Refiectivity 0.95 0.94 0.91 0.94 0.94
Height (m) 15.0 10.1 11.9 8.8 8.8
Width (m) 14.8 10.4 11.3 8.8 8.8
Weight (kg) 8172 3980 6760 2864 2481
Track Control Open/Closed Loop Open Loop Open Loop Open/Closed Loop Open/Closed Loop
Focal Length(m) 12.0 4.5 7.45 5.45 5.45
Intercept Factor 0.90 0.93 0.97 0:09 0.99+
Peak C R(sung 2500 12,730 7500 >11,000 >13,000
Power Conv. Unit SAIC/STM SBP SES WGA ADDS WGA Remote
Aperture Dia.(cm) 38 15 20 14 14
Engine Manf/Type STM 4-120 SOLO 161 Kockums/SES SOLO 161 SOLO 161
double acting kinematic 4-95 kinematic kinematic
kinematic kinematic
No. of Cylinders 4 2 4 2 2
Displacementcc) 480 cc 160 cc 380 cc 160 cc 160 cc
Op Speedrpm) 2200 1500 1800 1800 800-1890
Working Fluid hydrogen helium hydrogen hydrogen hydrogen
Power Control Variable Stroke Variable Variable Variable Variable
Pressure Pressure Pressure Pressure
Generator 3p/480v/Induct 3¢/480v/Induc 3¢/480v/Induct 3¢/480v/Induc 3¢/480v/synch
System Information SAIC/STM SBP SES WGA ADDS WGA Remote
No. Systems Built 5 11 5 1 1
On-Sun Op(hrs) 6360 40,000 25,050 4000 400
Rated OutputkW) 22 10 25 9.5 8
Peak OutputkW) 22.9 8.5 25.3 11.0 8
Peak Efficiency Net 20% 19% 29.4% 24.5% 22.5%
Ann Efficiency Net 14.5% 15.7% 24.6% 18.9% N/A
Ann Energy(kWhrs) 36,609 20,252 48,129 17,353 N/A

The Mod 2 ADDS drives a conventional submersible water pump. The test pump is undersized for the output of the system. Therefore, mirror covéndianit osglit
to the pump capacity.

°The SBP system peak efficiency is calculated at its design point of 80G Winother system efficiencies are calculated at their design points of 1006 W/m

3The Mod 2 system has not operated for 1000 hr.

tem 3 was fielded in July 1999 at the STAR site and moved to tiead quadrant that contains a double-acting piston. The four cyl-
University of Nevada Las Vegd®JNLV) test site in August 2001 inders are arranged in a square pattern with the pistons moving
in preparation for a 1-MW Dish-Stirling project in Nevada. Sysaxially. The connecting rods actuate against a swashplate, which
tem 4 was fielded in September 1999 at the Salt River Projetisth converts the axial motion of the pistons into rotary motion,
Pima-Maricopa Indian Community Landfill site and was configand by varying the angle of the swashplate, effects engine stroke
ured to run on solar energy during the day and landfill gas wheontrol output power from the engine. The engine runs nominally
solar is not available. The major components of the system ae 2,200 rpm and drives a standard induction motor/generator
described in the following section. Details of the system design

and performance are listed in Table 2.

System ComponentsThere are four major system compo
nents: the dish, the thermal receiver, the Stirling engine, and t
system controls.

The dish concentratdiFig. 2) consists of 16 round, stretched-
membrane mirror facets, each 3.2 m dia, mounted on a truss st
ture that attaches to an azimuth/elevation drive on top of a ped
tal. The facets are attached in a staggered manner, with so
facets on the front and some on the back of the structure,
increase the porosity of the dish and reduce wind loads. The ¢
gine support arm articulates at the hub to allow the system
move to a face-down position for stow, keeping the engine ne
ground level for ease of access for maintenance.

The receiver consists of a cavity containing a direct-insolatiq
heater head in the shape of a truncated cone. The heater hegke
divided into four spiral-shaped quadrants, each feeding one cyl
der of the engine and composed of a bank of small, parallel tub
Burners for hybrid operation are located immediately behind t
tube banks; a shutter/plug door closes over the cavity aperture
reduce thermal losses and allow recuperation of the exhaust g
when operating in the hybrid mode.

The engine is the STM 4-120, four-cylinder, kinematic Stirlingrig. 2 SAIC system at the Salt River Project near Phoenix,
engine shown in Fig. 3. Each cylinder is attached to one heat@rizona
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through a gear reduction drive at 1800 rpm. Heat rejection froformance have been identified, but not yet developed or imple-
the engine is provided by a water/glycol cooling system that usegented. These include increasing the area of the dish by about
standard radiators and a cooling fan. The engine has a sepa&®, increasing the temperature of operation of the receiver, and
controller that communicates with the concentrator controller. increasing the optical performance of the concentrator by chang-
The system is controlled by a micro-processor-based continfy the facet design and optical contour.
system. Operator commands are entered through a central contr@ystems operation has demonstrated periods of relatively high
computer that can be located locally or remotely from the systeiavailability, on the order of 88%. However, annual availabilities
When enabled by the operator, the system automatically tracks #Hre far short of the long-term goals of 95-98%. Current mean
sun, switches between solar and fuel inputs, stows itself at niglthe between failure for the SunDish system is about 40 hr. Sys-
and during high winds, and reacts appropriately to fault conditionsm incidents that require operator intervention include major
as required. The control system also includes data logging aeents associated with the dish and engine, but also include faults
heater-head temperature balance for concentrator tracking adjalste to sensors, controls, computer programming, communication,
ment. and wiring. Problems with sensors, such as thermocouples and
. connectors, caused over 80% of the system faults recorded for
Performance. The system waterfall chart, which shows thepoqe systems. This instrumentation is for detailed monitoring of
performance_of each system component as power rov_vs thro I% system and will not be installed on a commercial system.
the system, is shown in Fig. 4. The first vertical bar in Fig. ajor system faults in the engine are due to hydrogen leakage

shows the total amount of solar energy falling on the dish. Ea rough joints and seals, internal engine seal leakage, swashplate
successive bar shows the losses associated with the following s&,at0r stalls, and heater head braze joint hydrogen leaks. The
quential transfers of solar energy and heat into electrical power:

= . ost significant problems with the dish are due to optical align-
the reflectivity of the glass, intercept of the reflected solar bea%’ent instability, facet focus control, drive wear and tracking, and

absorption of solar beam in the receiver, conversion of the heagifi; syitch and control problems. Improving the dish focal image
the Stirling engine, efficiency of the electrical generator, and | smooth and balance the flux on the heater heads is currently

system parasitic power requirements to operate Controls, pumps, . 1 rsied and should dramatically reduce stresses on the en-
fans, etc. SAIC and SES currently have two systems operating e resulting in improved system availability

UNLV that are demonstrating about the same power output as a
function of insolation. Corporate Business Development PlarBAIC and STM

The solar-to-net-electric energy conversion efficiency of thRower, Inc., and utility team members Arizona Public Service and
system has been measured at 20% and the peak power output 329 River Project intend to follow two key strategies to enter the
kW [17,18. The estimated system annual performance, which wer sales market. First, to support a U.S. National Energy Plan
based on the system performance curve of Fig. 5, TMY2 diredhat encourages the use of solar energy and, second, to deploy the
normal solar radiation data for Albuquerque, New Mexico, isystems needed to achieve and verify the system reliability and to
36,609 kWhrs with an availability of 90% and an annual effiaddress customer-side of the meter power markets.
ciency of 14.5%. This estimate, which is also made for the other SAIC and STM Power believe that there is a clear value propo-
systems reported in this paper, represents an upper bound onditien for Dish-Stirling systems, once systems costs have been
annual performance of the system since it does not include dovenvered to $2000 US/kW. However, they also see market-driven
time due to problems with the system or transients associated wstdles at costs as high as $4000 US/kW. The remote market is
startup and variable weather conditions. currently available to photovoltaic systems, which have very high

Over the course of the program, SunDish systems logged oveliability. Markets like these will not be available to Dish-Stirling
5,800 hr of solar operation, delivering 63,574 kWh of electricadystems until high levels of reliability are achieved.
energy to the grid. The systems also accumulated over 600 hr ofn the U.S., niche markets for Dish-Stirling power generation
hybrid operation on natural gas, delivering 6,622 kWh. The sydepend on federal or state government subsidies, required to close
tem performance curve, shown in Fig. 5, is a plot of the net,
measured power output as a function of the direct-normal insola-
tion (DNI) level. The scatter of the data in this figure and other=
like it presented later in this paper is caused by solar and thern  420.0 -

transients experienced during start up and normal operation, di
mirrors, etc. The SunDish system is rated at 22 kW at 1000-AN/r sl
insolation. A number of system changes aimed at improving pe .
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the gap between the current cost of power from these systemsThe receiver is at the back of the water cooled cavity and is
(~30¢ US/kWhr) and the price that the market is willing to paylirectly attached to the cylinder heads of the Stirling engine. Its 78
(6¢ US/kwhy, a difference of 24¢ US/kWhr. State or nationatubes are made from high-temperature steel, 3-mm outer diameter,
Portfolio standards, pollution abatement credits, renewable enegid their ends are vacuum brazed to manifolds attached to the
investment tax credits, and/or renewable energy production crediiggine heater head. The receiver tubes absorb the concentrated

?hrg 32&33%%%:%?%%&%%9”i;héssiigéggeapg%htggggstt gfrrﬂgass@ar radiation, heating the helium working gas to approximately
and the ability to sell the power through a long-term contract. 0°C. The full load on tg:e receiver is reached at insolation levels
No-interest or low-interest federally guaranteed loans are an &-2pproximately 800 W/ At higher insolation levels, a speed-

sential part of the strategy to reduce the cost of energy from theggntrolled cooling fan maintains the upper temperature limit at the

systems and take them into the commercial marketplace. absorber to avoid overheating the receiver and overpowering en-
gine. Even though this results in increased heat losses from the
Schlaich-Bergermann und Partner EuroDish. system at high solar radiation conditions, this is a strategy to

. L . ._increase the annual full-load hours on the system.
Background. The EuroDish project is a joint-venture project The Stirling engine used in this system is the SOLO 161, based
between the European Community, German/Spanish Industrig$inhe \-160 engine originally developed by USAB, Sweden, and

(SBP, MERO, Klein+ Stekl, Inabensi and research institutions riher developed by SOLO Kleinmotoren GmbH, Sindelfingen.
Deutsches Zentrum fuft- und RaumfahrtDLR, Germanyand  Tpe engine, shown in Fig. 7, is a 90-deg V-type power unit with a

Centro de Investigaciones Enéfigas Medioambientales y Tec- swebt volume of 160 cfin which helium is the working fluid
nologicas(CIEMAT, Spain [19]. The project, which is headed byThepmaximum engine working pressure is 150 bars, a%d the op-

S . “advanced technology and simple, robust construction. The SOLO
stretched-membrane concentrator used in Distal | and Il with g4 Stirling engine performance was proved in the DISTAL Il
glgss-flber composite shelllonto Wh'(.:h glass mirrors are bondﬁ its and in the ADDS system at Sandia; and it has demonstrated
with an_adh;(s)ll\_/g }Ilh? engine ui%(i ”jr the Eurollglifc/vlsEthe Dn_e ature, reliable performance. Consequently, in the EuroDish, only
ge_neratrl]on ot Zlnmotor_en o Wohnel\gl ’ Lérol IS8|ementary improvements and/or redesign were conducted. These
units, shown in Fig. 6, were Installed at the Plataforma Solar Gg.,,qe: joining of the tubes to the manifolds and manifold parts
Almeria (PSA), Spain, early in 2001 for test and demonstratio ether by vacuum brazing; a new receiver cavity design of a

Futrp(;)se?r. tl:))letglls on the system designs and performance @iGor cooled aluminum cylinder to address failures due to vibra-
ISted In Table 2. tion; and a simplified cooling circuit that uses a single radiator

System ComponentsThe concentrator consists of a thin shellinstead of four as in the previous engine design. _
glass-fiber-reinforced resin sandwich with the mirrors applied to The EuroDish control concept allows for fully automatic sys-
its surface that is supported by a space frame ring truss. Similart@n operation. Its kernel is a control PC running under Windows
the stretched-membrane designs, the 8.5-m diameter concentrBtbr located in the operations room or locally in a cabinet at the
obtains high stiffness and low deadweight by profiting from theish, which communicates with up to 16 Dish-Stirling systems
advantageous load bearing behavior of a shell structure. To sifitough a rugged industrial field bus. The sun position is calcu-
plify shipping the concentrator, the shell is divided into 12 ideriated by the PC control software, obtaining exact time from a GPS
tical segments that fit into a standard container for assembly at figg€iver or an internet time server. Positioning commands are then
site. Based on a detailed structural analysis of the shell and rignt to the drive control in the local cabinet at each dish. To
truss for both dead weight and wind loads, the resulting sandwit@duce the number of discrete components in the control cabinet,
Cross section Comprises 20 mm of foam and two 1-mm reinforc@(ﬁO'Ca"ed motion controller was deVelOped. The motion control-
plastic layers stiffened with a radial rib along the center line. THEY is @ microprocessor board located in the cabinet at each dish
system is designed to maintain full performance up to wind spee#§0se main function is to carry out the positioning commands
of 10 m/s with a minor reduction in output power for wind speedfom the control PC. Itis equipped with a field-bus interface to the
up to 15 m/s. The concentrator is suspended on a space fra#fatrol PC, to the servo motor controllers for dish the azimuth and
turntable rolling on six wheels, similar to previous generation dé&levation drives, and to a manual terminal. Additionally, several
signs. The drive arcs are equipped with simple pre-stressed roféper functions were implemented in the upgraded EuroDish con-

chains. The drive units were redesigned to use standard steel réller, including a hardware watchdog and safety de-track func-
ers, spur gears and low cost servomotors. tions, manual drive operation, and weather data acquisition.

A new feature, implemented in the EuroDish control system, is
the capability for remote access through a web server that will be
integrated directly into the control PC in the future. Through the
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Fig. 5 SAIC system net power output versus direct normal Fig. 6 Two 10-kW SBP Eurodish prototypes at Plataforma So-
insolation lar de Almeri a, Spain
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worldwide web, it is now possible to access system status infddS/kW. The cost projections at production rates of 500 and 5000
mation and online data as well as stored operational data and statés per year are $2,500 US/kW and $1,500 US/kW, respectively.
and error logs. This enables continuous, operational supervision . .
and preventive maintenance. As a side effect, runtime statistjcs—C'Porate Business Development Plarthe two most impor-

t issues for commercializing Dish-Stirling systems are cost re-

and selected online data can also be made available to the pu . N - .
P uction and system reliability. In addition to ongoing efforts to

online. reduce overall system cost by combining system components, the
Performance. The EuroDish prototypes at PSA were built inSBP Team is focused on developing reliable pre-assembled sys-
2001 and are still being optimized for performance. The peda&ms, preparing the first pre-production tools, and continuously
solar-to-net-electric energy conversion efficiency of the systemaperating systems under different meteorological and site condi-
expected to be 21-22%, based on the experiences of forniens. Lessons learned and continuous evaluation of system down
projects with the same engine. The first measurements of pedakes will form a sound and reliable data base which is needed to
system efficiency resulted in 20%. The estimated annual perfamprove system reliability and enable entry into markets.
mance of a EuroDish system operating in Albuquerque, New The European Dish-Stirling Consortium intends to erect as
Mexico, is the production of 20,252 kWhr of electric energy wittmany units as possible at specially selected places in the southern
an availability of 90% and an annual efficiency of 15.7%. Europe, for example at universities, interested electric utilities,
Additional measurements of one EuroDish system showed imenewable institutes, and local electric authorities within the next
proved concentrator performance, that is increased power inputwm years. With this first step, market showcases and reference
the receiver{19]. The waterfall diagram of Fig. 8 includes thissystems will help to develop the on-sun operating database needed
improvement in the receiver efficiency. Because this system tis provide for further market introductions. In a next step, clus-
smaller than the SAIC/STM Power and SES systems, its effered 0.3—1 MW demonstration plar{®0—100 units at one loca-
ciency is slightly lower. The DNI versus net power output of théion) are anticipated. This step will help to extend operational
EuroDish system during a typical operating day is shown in Figxperiences and to start the first small series production. These
9. The plot in Fig. 9 is nonlinear because the system was desigradivities will be encouraged by special premiums for solar-
for optimal performance at a DNI level of 800 W/mWhen the electric power, some currently in place and others anticipated in
insolation exceeds this level, a fan in the receiver cavity is acgouthern Europe.
vated to reject additional heat and maintain the receiver at a fixed . . o
temperature. This strategy results in a slight increase in losses aptifing Energy Systems’ Dish-Stirling System

higher insolation Ievgls, b.ut also produces hig.her.annu.al OUtpUtBackground. SES acquired the intellectual and technology
from the system. While this may seem counterintuitive, it OCCURyhts to the McDonnell Douglds1] concentrator and the license
because the number of operating hours at 800 ¥Mmsolation {5 manufacture the USABnow Kockums 4-95 Stirling engine-
and below(i.e., at higher efficiency because of the design paint pased PCU in 1996. At that time, SES initiated a commercializa-
much greater than the number of hours above 8004V/m tion program to build on the existing solar dish design by improv-
theory, the annual performance from a system could be optimizgg its manufacturability while continuing to operate the systems
for a single location, at least in the statistical sense. Pragmaticaind improve the technology. In March 1998, the Dish Engine
this is more a function of how much DNI will be available at thecritical Component$DECC) Project started with the objective of
expected locations for which the systems are being designed. developing a commercial dish Stirling system. The DECC is a

Since the Eurodish prototypes have not been operated for a Iqh@E-industry cost-shared project to commercialize the Dish-
time, no reliable number for system availability can be calculatedtirling system for emerging markets. During Phase | of the
The systems were operated close to 1000 hr without severe gtioject, completed in October 1999, its focus was on operating
ages, most caused by errors in the control code, electronicsg@id evaluating the performance of the Stirling engine ctitecal
sensor failures. During the last 150 hr, the system operated wifystem component. The main activities were to demonstrate per-
out intervention except for two restarts after grid power failure
and a discharge valve replacement.

SBP and the associated EuroDish industry have performed cost

estimates for a yearly production rate of 500 units per y@ar S0.04
MW/yr) and 5000 units per year, which corresponds to 50 MW/yr. 4.0 A2
The actual cost of the 10-kW unit without transportation and in- Bl
stallation cost and excluding foundation is approximately $10,00( 400+
0+
E: 30,04
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Fig. 7 The 10-kW SOLO 161 engine and receiver Fig. 8 SBP system waterfall chart
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formance and reliability of the engine with primary focus on théor a system operating in Albuquerque, New Mexico, is 48,129
internalhot parts. DECC Phase II, which started in October 200kWhrs of electrical energy at an availability of 90% and an annual
and continues through 2002, is directed at building and testiedficiency of 24.6%.

two complete next-generation systems. As for the two systemsThe systems are continuously monitored and repaired whenever
previously discussed, the design and performance parametersafgroblem occurs. Consequently, they have demonstrated excel-
the SES system are listed in Table 2. lent availability, greater than 98%, during the most recent 1000 hr
of operation. The system waterfall chart from solar energy to net

! . . “e - ower out is shown in Fig. 12. The numbers shown in the figure
systems in operation at the test site at Boeing in Huntingtdp, 4o, power measurement data records, system measurements
Beach, CA. The SES Dish-Stirling system generates .a‘pprO)Eérformed at Huntington Beach, California, and from manufactur-
mately 25 kW of electrical power at a solar_ ms_olatlon Obr's performance specifications for components.

1000 W/nf. The Kockums 4-95 engine is shown in Fig. 11. The The direct-normal insolation is plotted versus the net power
subsystems of the Kockums 4-95 Stirling Power Conversion Unjl,it from the systems for the time period between March and
are: the receiver that transfers the concentrated solar energy toAibéﬂ 2000 in Fig. 13. The results show that at 1000 \W/the

engine working fluid; the Stirling engine that converts heat it yer output is 24.3 kW. The outlying data in Fig. 13 result from
rotational motion of the engine; the electrical generator; a coollr%g|g1f

tem that reiect te heat to th bient air- and th y mirrors on the concentrating and low pcu performance,
system (hat rejects waste heat lo the ambient air, and the ConyiRficy resylt in reduced system performance and a dirty normal-
system that controls and monitors system operation. The b

[ ; ; Eidence pyranometer, which results in a lower than actual DNI
characteristics of the SES concentrator are listed in Table 2. asurem%):n '

main features of the design are a patented balanced design in

which the weight of the mirrors offsets the weight of the PCU at System Cost. Current production costs for the SES Dish-

the focal point; a slot in the reflective surface that allows the PC8tirling system are at prototype-scale, a few, hand-built units.

to be lowered to ground level for easy maintenance; and desifherefore, installed costs are high at about $10,000 US/KW or

modularity which allows it to be manufactured in major subas$250,000 US per dish system. These costs are distributed with

semblies and quickly installed in the field. 40% in the concentrator and controls, 33% in the PCU, and the
Currently, there are four 4-95 Power Conversion UREUS, remaining 27% of the costs in the balance of plant and installation

one in bench testing at Kockums in Malmo, Sweden, and threéthe system. The SES system is made up of a number of basic

used on a rotating basis for on-sun operation on two concentamponents, such as mirrotglass, mirror backings(stamped

tors. Two complete systems are on-sun at the SES/Boeing Sdltge), structural steel supporiprimarily extruded steel tubing

Test Site in Huntington Beach, CA, one is operating at a test siéectronic control§small computer chipsand an engine system

in Nevada, and components for five more systems are in storag&th many components that are similar to automotive engines

The first Dish-Stirling module began power generation operatigpistons, crankshafts, engine block, radiator system, fan, water

for the DECC Project on June 28, 1998, three different 4-%nd oil pumps, etg. Consequently, SES believes that there is

Stirling engines have been used with Concentrator No. 1. Systesmbstantial potential to reduce the cost of their Dish-Stirling sys-

Module No. 2 began producing power on February 20, 2000, atem.

testing will continue through DECC Phase II, December 2002.

System ComponentsFigure 10 is a photograph of two SES

Corporate Business Development PlarSES is transitioning
Performance. The SES Dish-Stirling Systems continue to acfrom a development and test phase to a pre-commercialization
cumulate both bench and on-sun operating time throughout thiease of operation for its Dish-Stirling technology. Early market
DECC Phase Il program. Table 2 lists the on-sun operating tineéforts have concentrated on developing solar farfh8—100
for all systems since the start of the DECC program in 1998. AW) in the Southwestern U.S. desert aréparticularly in Ari-
additional 95,101 hr of bench testing of the Kockums 4-95 engirm®na, Nevada, and southeastern Califgrread in selected solar-
has also been accumulated over this tjii@2,23. A peak, on-sun rich international markets. SES is teaming with major companies
performance of 24.9 kW was achieved on September 6, 2000 withSpain, Italy, and South Africa to find ways to enter these mar-
a corresponding 28.8% net system efficiency at direct-normal ikets. SES is also in discussions with major utilities serving the
solation of 986 W/r. This performance is consistent with the neSouthwest U.S. to obtain power purchase agreements for peaking
peak electrical power efficiency of 29—30t 1000 W/m solar power to supplement the power production from conventional
insolation [10] achieved during the on-sun testing period opower plants. The company's solar products will also help the

1984-88 at Barstow, California. The estimated annual productistilities of Arizona and Nevada to meet renewable energy portfo-
lio standard requirements in effect in these states.

SES projects the majority of its sales will be of equipment to

==
=

Net Power Qu tput (KW)

8 = M W s th B W o8

Direct Normal nsolation (Wim)

Fig. 9 SBP system net power output versus direct normal in-
solation Fig. 10 SES systems on test at Huntington Beach, California
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utility companies or independent power producers. They ate bring the SOLO 161 PCU below the horizon for access from
working with customers to develop projects and to provide omiadders or from the back of a pick-up truck. The elevation ball
going support services to the solar power plants. In foreign couserew is powered by a 1750-rpm:-hp (373-W) gear-motor
tries, SES is considering the licensing of Dish-Stirling marketinthrough a secondary worm gear reducer, resulting in an average

rights. elevation slew speed of about 40 deg/min. Because the system
. . must operate off grid, the Mod 2 Dish-Stirling system is designed
WGAssociates’ Advanced Dish Development System with DC drive motors.

Background. The Advanced Dish Development System The mirror facets are glass/metal structural fac{é@. The_y
tilize a sandwich construction consisting of thin-glass mirrors

(ADDS) project is a direct result of the technology developmerg h | b lumi h b i
activities in the Cummins Dish-Stirling Joint Venture Program angonded to a sheet-metal membrane. An aluminum honeycomb is

the successful experience with the SOLO 161 Stirling engine Orﬁgnded with epoxy between the back of the sheet-metal mem-
Cummins CPG-460 Concentrator at Ft. Huachuca, Ari@4g. ~orane and a second sheet-metal membrane. The Mod 1 system
The project started in October 1998 as a test bed for advan&&fS WO concentric rows of mirrors, each row consisting of 16
components and systems-level testing to address the issues off#€!s- The Mod 2 C(I:ncentrator utilizes a sw:_glﬁ rovg of ﬁ4 facets.f
remote power market. Development activities have focused ﬁh@gitprgicr)#r:]twlggni?ngtj setusdt;uti;[gtr?‘z;;Ii?gt?g?igrllsmgﬂt y the use o
extending the application of Dish-Stirling systems to water pump-"==" .

ing, reliability improvement, and incorporating advanced compo- 1€ Collector Control SystertCCS used on both ADD sys-

nents such as structural facets, heat pipe receivers, and advarlegf IS an adaptation of one developed by Cummins Power Gen-
controls and communications. Testing includes long-term un&t@tion for their two Dish-Stirling systems. This basic control sys-
tended, automated operation of stand-alone 9.5-kW Dish-Stirli has over 40,000 hr on-sun tracking and has shown itself to be

solar power generation systems in both on- and off-grid modes/&iPle, robust, and reliable. The CCS provides both control and
the National Solar Thermal Test FacilifNSTTP in Albuguer- monitoring of the concentrator and the PCU and provides for au-

que. In 1999, the first-generation, grid-connedtiéld 1) system ONOMOUS system operation. Sun tracking uses a hybrid approach

was fielded at the NSTTF and unattended operation initiated. §NSiSting of both open- and closed-loop tracking. Closed-loop
2000, an upgraded, second-generatidod 2) system design, tracking employs four d|.fferent|al-thermocouple sensors equally
which includes stand-alone water-pumping capability, was devéaced around the receiver aperture. After a day of closed-loop

oped. Figure 14 is a photograph of the Mod 1 and Mod 2 systeﬁ@Cking’ algorithms in_the_ tracking program automatically d_eri\(e
on test at the test Facility. seven concentrator misalignment parameters. Once the misalign-

ment parameters atearnedand applied to the open-loop tracking
System ComponentsThe ADDS design features the WGAs-algorithm, open-loop tracking is close enoughctipturethe fo-
sociates(WGA) WGA-500 solar concentrator and controls andused image.
the SOLO 161 Stirling power conversion uiRCU). To address  The control system is configured so that, if the compldeks
remote power markets, the systems were designed to operateguor otherwise does not respond, the concentrator is driven to
tonomously, for low capital and installation costs, and field-levatow in elevation to the vertical limit. On the Mod 1 system, the
maintainability. The details for the system specifications and pd&il-safe system includes a 12-VDC battery and inverter in the
formance of the two ADDS systems are listed in Table 2. Evesvent of loss of grid power. The operator has three ways to inter-
though they are similar, both sets of parameters are included hzee with the CCS: for routine day-to-day operation, a push button
because the Mod 2 system is a stand-alone water pumping wohtrol panel is used; when additional system diagnostics are
that has some unique features. The waterfall efficiency chart fieeeded, a hand-held terminal can be plugged into the control
the Mod 1 is shown in Fig. 15. panel; and, for detailed diagnostics, a computer interface is avail-
The concentrator uses an elevation-over-azimuth tracking spatse. This interface also provides for monitoring and the remote
frame dish structure fitted with paraboloidal contoured, trapezaientrol of the system though an internet connection.
dal shaped, glass-metal mirror facets. The tracking structure isThe ADDS system uses a SOLO 161 Power Conversion Unit,
constructed primarily of structurally efficient, thin-wall tubing.which is the same engine used by Schlaich for their Distal and
The azimuth drive is the field proven, Winsmith planocentric re-
ducer. The Mod 1 elevation drive employs a 10-ton commercial

ball screw. To facilitate maintenance of the PCU, it is configured
100.0
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Fig. 11 Kockums 4-95 kinematic Stirling engine Fig. 12 SES system waterfall chart
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Eurodish systems, shown in Fig. 7. The SOLO 161 engine |
being developed by SOLO Kleinmotoren primarily for cogenere
tion applications. The SOLO 161 utilizes a direct-illumination sa
lar receiver and pressure control of the working fluid to var
power output. Small working fluid leaks are automatically mad
up through an external bottle located on the concentrator tracki
structure. The Mod 1 PCU uses a 3-phase induction motc
generator to supply 3-phase, 480-V power to the utility grid. Thi
approach provides power for starting the engine and automatice
synchronizes voltage and frequency with the utility grid. In th
Mod 2 stand-alone system, a synchronous generator is used
this approach, the generator output varies both in voltage a
frequency and directly drives an induction motor and water pum
Because water pumping is a common remote-power need,
Mod 2 design drives a conventional 3-phase 480-V, 7.5 or 10-
(5.6 or 7.5-kW submersible water pump. A standard 12-VDC®
automotive starter is used to start the Mod 2 version of the PC

Performance. Testing of the ADDS systems has evolved fro
c_oncentra_tor_t_esting early in the project to ongoing system OPEH5 14 WGA ADD systems, Mod 1 and Mod 2, on test at San-
tional, reliability, and performance testing. The Mod 1 systemia's National Solar Thermal Test Facility
operates automatically and unattended, including weekends and
holidays. After the system detects that DNI is within specifica-
tions, it tracks to acquire the sun, starts the PCU, and supplies
power to the grid. If the anemometer detects high winds, the sys-
tem automatically drives to stow where it remains until windydrogen as the working fluid, increasing the system power output
speed returns to a safe level for a specified period of time. Whéom 9 kW to 9.5 kW at 1000 W/#) the system rating, even
clouds are detectedow DNI), the system drives off sun andthough the concentrator area was reduced by 1figocovering
continues to offset track. When DNI returns to specified levels timirror area to avoid overpowering the engine. Although system
system reacquires the sun and starts the PCU. If the sun doesmdput could have been increased to over 10 kW using the original
return within a specified time or if the sun elevation falls below anirror area, the current specification results in lower engine pres-
defined angle, typically 2 deg, the concentrator stows. Whensare and longer expected life on the critical Pumping Leningrader
fault is detected, the system automatically sends the system(Rb) seals. Figure 16 is a scatter plot showing net system power as
stow and notifies the operator through a pager. In many cases, éhiinction of direct normal solar insolation taken at 1-min inter-
operator is able to resolve the problem and resume operation vals on February 6, 2002. The Mod 1 system has demonstrated a
motely. peak efficiency of 24.5%. The estimated annual performance for a
Because the SOLO 161 is intended for indoor co-generatiegstem operating in Albuquerque is energy production of 17,353
applications, helium was initially used as the working fluid. TkWhrs at an availability of 90% and an annual efficiency of
increase performance, the gas system was converted to acd&9%. The Mod 2 ADDS system drives a conventional submers-
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Fig. 13 SES system net power output versus direct normal insolation
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ible water pump. The test pump, which is currently being utilizeayff-grid power source, or for distributed generation applications.
is undersized for the output of the system, resulting in the peak neteither case, additional units may be incrementally installed to
output for Mod 2 being less than rated. meet increased power needs.

Availability and reliability of the ADDS has steadily improved A Mod 3 design, which will incorporate improvements result-
since automated system operation was initiated in Novembeg from the Mod 2 operation, is being developed. The Mod 3
1999. During the period between January 6, 2000 and October 2&gsign will represent the next phase of production readiness, re-
2000, the Mod 1 system accumulated 1711 on-sun, powdlecting a significant reduction in the manufacturing costs.
producing hours at times when the insolation was within the sys-

) e o Corporate Business Development PlaWWGA continues to
tem operational specifications, a total of 2369 hr, yielding a 9ross i with Sandia on the refinement of the Mod 1 and Mod 2

availability of 72.2%. This availability does not account for peri stem designs and is developing a Mod 3 design on its own.

ods when the wind exceeded operational limits, and down time fs . - s
tours, training, and developmerig6] In 2001, the data acquisi- ﬁ\llGA is also working with independent power producers towards

tion system was enhanced to accurately record system availabihhe development of a project for a multiple-unit build. A large
YSte e y ) y meer of operational systems are needed to improve and dem-
by allowing operators to take “time out” to install and evaluate

new features or to take the system off line for tours or Othé)rnstrate system reliability to the point required by the market.

non-operational interruptions. The system also now accounts for
low-insolation and high-wind conditions. Since August 1, 200:, . .

availability, which is defined as the time the system produces é{ Advanced Dish Receivers

positive power divided by the time insolation and wind are within The receiver is &eycomponent in a Dish-Stirling system be-
operational specifications, has been about 90%. This availabiltguse it must convert the concentrated solar energy to heat and
definition accounts for lost time while the system is slewing to gwansfer it to the engine working fluid at high-flux conditions of
on sun and while warming up. On days in which the system ofrom 75 to 100 W/crh and temperatures of 700—800°C. In this
erates perfectly, availabilities range from the upper 90s% on clegection of the paper, we review some of the advanced receiver
sky days to less than 50% on mostly cloudy days. Frost and sneancepts that are currently being developed including heat-pipe
significantly impact availability on some days. An availabilityreceivers, hybrid receivers, and a volumetric receiver that could
definition based on lost time from maintenance and faults hhe used for a future Dish-Brayton system.

been about 94% during the same time period. System mean tim
between failure(MTBF) has improved along with availability.
Data currently indicates a system MTBF of about 250 hr for t

Mod 1 ADDS. Most of the down-time incidents are related t . ) J A
controls and are minor in severity ize a capillary wick to distribute the liquid metal over the back
. urface of the absorber. The liquid metal evaporates, vapor is

The WGA ADD system produces up to 11 kW at optimum DN g ;
conditions. It has been field tested for three years and proved _lignsported to the engine heater head where it condenses, and the

meet present day reliability, availability, and efficiency targeté'.qmd metal refluxes to the absorber. In these receivers, the liquid

: : : etal condenses at a constant temperature thereby providing uni-
The system design employs commercially available compone . . . ; )
includ?/ng the ch_ Thispur):it can be deplgyed in Iarge-scgle, Oqu’m heating to the Stirling engine, unlike DIR receivers that can

grid applications. Moreover, it is particularly well suited to cosp Penence large temperature differences between quadrants or

effective, modular installations in remote areas as an unattend Ié)ng tubes of the receiver. Since the receiver materials typically
imit the peak receiver temperature and thus the performance, in a

heat pipe receiver the peak temperature is the average tempera-
ture, which raises the achievable working gas temperature consid-
erably. The increased working gas temperature, improved receiver
efficiency, improved temperature balance among the four cylin-
ders of the engine, and overall simplicity resulted in a 20% in-
crease in system efficien¢®7].
M.2 38T 337 The sodium heat pipe receiver for a 25-kW system stretches the
traditional sizes and shapes of heat pipes. Most developmental
research at Sandia has concentrated on wick improvements to in-
crease the operating margin of the heat pipe. The most promising
wick design has been a stainless steel felt, with over 95% porosity
provided by 4um fibers. This felt provides a large pumping ca-
pability with low flow losses. The fine fibers present new manu-
facturing challenges, requiring extremely clean sodium environ-
ments in order to prevent corrosion. Cleaning techniques and
processes that virtually eliminate corrosion issues seen in early
felt-wick heat pipes, while not significantly impacting the cost,
have been developed at Sandia. Bench-test heat pipes have dem-
onstrated over 5000 hr of operation without degradation, whereas
prior tests failed at less than 2000 hr. Some smaller capsule heat
pipes have been tested for over 30,000 hr without degradation
[28,29,3Q.

Sandia has also developed wick modeling techniques and tools
[31] that are critical to the successful design of the heat pipe
receivers. Distributed pore size wicks, like the felt metal, rely on
vapor generation in the wick, rather than at the heated surface.
This provides sufficient heat transfer through the wick while also
providing liquid transport along the wick. This approach, which

?—|eat-Pipe Receivers.Heat-pipe receivers use sodium or a
paixture of sodium and potassium to transfer heat from the surface
f the receiver to the engine heater h¢a#,16. Heat pipes uti-

10.0

Fig. 15 Waterfall chart for the Mod 1 ADD system. Power and was pioneered by Thermacore Inc., is contrary to conventional
efficiency for the SOLO 161 engine and solar receiver are esti- heat-pipe technology approaches. Sandia has demonstrated the ap-
mates. plicability of these modeling approaches on powdered-metal sin-
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tered wicks, operating one heat pipe receiver to 116-kW thern@gsigned to transfer 45 kW of thermal power to the engine at a
throughput and closely matching the predicted results of the mattaximum temperature of 850°C. The heat pipe structure com-
els. prises spot-welded mesh screens with arterial webs to enhance
The felt wick heat pipe needs additional development in sevesddium flow. For hybrid or fossil-only operation, a lean, pre-
areas[32]. The fine fibers of the wick tend to crush over timevaporize combustor, which uses combustion gas re-circulation,
under the weight of the sodium column. This effect and/or otheyas developed to lower the combustion temperature. The receiver
non-uniformities in the wick structure are thought to have causeghs tested for almost 400 hr in the laboratory and field, resulting
the occurrence of hot spots in a few cases. In addition, the ini@- Dish-Stirling system efficiencies of 16% solar and 15 % in
gration of the heat pipe chamber with the engine heater heads isy®rid operation. As part of the same project, a new type of cap-
second area that needs to be addressed. While efforts have bqggﬂ, wick structure for the heat pipe was manufactured using
!n these two areas, further development is limited by the aVailabi'bdio_frequency’ p|asma spraying. During pre"minary ’[esting’ it
ity of resources. ) ) ) ) demonstrated promising performance but has not been fully
Sandia has tested two engines with heat pipe receivers, angh&ed.
number of additional receivers have been tested on-sun with gassangia is also developing a 75-kWt hybrid heat-pipe receiver
gap calorimeters for proof-of-concept. In 1996, an STM Powggy pish-Stirling applications. This receiver is a 6-X scaleup of an
4-cylinder engine was tested with a felt-wick heat pipe receiv@farlier bench-scale concept that was successfully t§8tdThe
[27). This was followed by more extensive testing of the engingesign is a compact package comprising a fully-integrated solar
with a Thermacore, powder-metal-wick heat pipe receiver. Thig)sorher sodium heat pipe, metal-matrix combustor, and folded-
engine demonstrated more than a 20% improvement in efficienqymprane recuperator. During the design of this package, special
and throughput compared with a DIR receiver on a highly acClyention was also paid to developing a design that is manufactur-
rate dish. The results would be more dramatic on a less accurgifa and low cost. Towards this end. Sandia worked closely with
dish, because the temperature distribution on the receiver fOHOW('):‘mmercial fabricators, whose estin%ates indicate that the hybrid

the flux distribution capabilities of the dish. In 2000, Sandia intq- ; - ;
. ; . 1 e ncremental cost will be competitive with the cost of power from
grated the latest felt-wick receiver with the SOLO Kleinmotorefs iacal competition. So farpthe receiver has been Fested in gas-

ft
engine on the ADDS at Sandia. The design took advantage
flexibility in the SOLO cooler, allowing for thermal expansion oféj?fly mode at throughput power levels from 18 to 75 kWi, at

. . PN output temperatures up to 750°C, and orientations corresponding
the receiver shell. Unfortunately, the receiver failed in initial test[-0 sun elevations of 12, 22, 45, and 80 deg. The tests established
ing. The failure was traced to an improper clearance in a br e WAAK y

a&yeral landmarks at 75 kWi, including) preheat of fuel/air

{/f/)g;lt ?’Egr?e?jtgg?;e; rk])?:gc;ugifnt%epizsa? ithéoclzj(?rnz;it:ﬁnz(re]?t Ap _&tures above 600°C without preignition) titernal wall tem-
' pIp : ratures over 800°C with minimal warping, particularly at criti-

ditional work on this receiver has not been possible due to limited, 5o seals, and) 58% thermal efficiency including para-

resources. sitics. An efficiency of 75% should be achievable with the

Hybrid Heat-Pipe Receivers.Hybridization is one way to im- addition of an external insulation package. The tests also verified
prove the value of electricity from Dish-Stirling systems by makthat smooth ignition is easily attainable and that buoyancy effects
ing it available on demand. Combining a heat-pipe receiver withage not a problem. During testing, some non-fatal problems oc-
hybrid receiver has the potential to improve the receiver perfagurred including brief periods of leakage at an internal seal and
mance, reduce the cost of the receiver, and provide dispatcharping of the burner matrix. Late in the scheduled tests, a hot
electric power. spot, believed to be the result of a wick flaw, developed on the

Two prototype hybrid, heat-pipe receivers have been developgals-fired surface. This behavior has been seen in other heat pipe
and tested for the SOLO V160/161 by the DLR in Germf3§]. receivers and is the subject of an ongoing investigation, which is
The most recent design has an outer diameter of 36 cm, a cylort hold due to budget limitations. A comprehensive report on the
drical inner-wall diameter of 21 cm, and is 24 cm deep. It wasybrid receiver is currently in preparation.

1 Mod 1 ADDS
Net Power
2/6/2002
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Fig. 16 Mod 1 ADD system net power output versus direct normal insolation
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BioDish Hybrid Receiver. The BioDish hybrid receiver is a which closes the opening of the pressure vessel. Inside the vessel,
ceramic receiver being developed to absorb solar radiation on dhe volumetric absorber, made with highly porous ceramic foams
side and to burn a biogas on the backside of the receiver. Thesimilar materials, is heated by the incident radiation. The air
project, which involves a number of participants, is co-funded hyasses through the porous absorber where it is heated by forced
the European Community. An advanced, fiber-reinforced, Si€envection before going to the gas turbine. The hot air from the
ceramic material, which is already used in non-solar applicationgceiver is ducted to the gas turbine combustor where, if neces-
is being developed to withstand an inner pressure of 150 barssairy, it is further heated by combustion of fossil fuel. DLR has
helium in the small channels. The largest design challenge is theen developing this receiver technology for several years and has
manufacture of the complex receiver geometry. The project pauccessfully demonstrated operation of several units under condi-
ticipants are also performing an economic analysis for a Bio-Soléons similar to those required for a recuperated gas turbine cycle
power plant. The typical plant size would be a farm of 50—10[B5]. Tests of this receiver have been conducted up to absorbed
Dish-Stirling systems with a biomass gasification providing bigsower levels of 95 kW, air inlet and outlet temperatures of 580°C
gas to augment solar operation and to operate the plant at nightd 940°C, and air pressure of 3 bar. The pressure drop through

A schematic of the BioDish receiver design is shown in Fig. 1The receiver is less than 20 mbar, which is important for applica-
The absorbing part of the receiver is designed as a ceramic hadh to gas turbines. A similar receiver for power tower applica-
bowl with internal channels. The concentrated solar radiation tions has been operated at a power level of 400 kW, air outlet
luminates and is absorbed on the inner surface of the bowdmperatures of 800°C, and pressures of 15 bar.

Through the rotationally symmetric design, the flux distribution

and the heat transfer to the working gas of the Stirling engine aj¢  cost of Energy from Dish-Stirling Systems
optimized. The heater heads, which are also made of ceramic

connect the receiver to the engine and allow for higher tempera-T0 be successful, Dish-Stirling systems must meet the needs of
tures and higher cycle efficiencies than current metallic head8€ markets; that is, they must be capable of producing electricity
The biogas combustion system consists of a combustor, located®£OSts that are acceptable to a range of power markets. To do
the center axis and surrounded by a cylindrical air pre-heater s, the combined costs resulting from the capital costs of the
a ceramic shell for ducting the combustion gases. Combustig¥stems; the cost of money, taxes, insurance, inflation; and the
occurs between the receiver and the shell while combustion ga§est of operating and maintaining the systems all have to be fac-
flow through the pre-heater heating incoming combustion air. T8réd into the cost of electricity from Dish Stirling. This type of
meet the requirements of hybrid operation, the power output epst anaIyS|§ is a.standard financial palculatlon that is well-
the combustor has to be quickly adjustable. This is accomplish@8cumented in the literatu{86). It results in a quantity called the
by controlling the combustion air flow. To limit emissions from/eVelized energy costLEC), which is the annualized cost of en-
the combustion system, the maximum temperature of combusti@f9y from a power plant taking into consideration all of the pre-
is limited to 1400°C. viously mentioned variables divided by the total, annual kilowatt
The design is compact and easy to install in an existing Dishours produced by the plant. o
Stirling system. Preliminary cost estimates for the hybrid receiver Before proceeding to the LEC cost analysis, it is important to
are about $15,000 US at modest production levels of 100/yr. TREWPhasize several points. The predicted variable isctst of

additional cost of adding a biomass gasifier is estimated to BEctricity per kwhr not itsprice. Its price includes adders for
about $3,000 US. distribution costs, other services provided by the local utility, and

profit. These are not included in the analysis. Second, solar Dish-

Volumetric Receiver. Because they have the potential to beStirling systems, as other renewable energy power systems, are
low cost, reliable, and readily hybridized, micro turbines are beingonpolluting. They emit no hydrocarbons, particulates, CO; CO
considered as possible converters for some advanced dish-enginether green house gases. Some Independent Power Producers
systems. The expected conversion efficiency of small, recuperaggevide a premium for power produced frayreen(or nonpollut-
gas turbines is somewhat lower than of comparable Stirling eifg) sources. Some U.S. states and foreign governments have re-
gines by about 10 percentage points, ranging from 27 to 33%ewable portfolio standardéRPS or system benefits charges
Solarization of a gas turbine is achieved by installing the sol@g&BC) to encourage the use of renewable energy for power gen-
receiver between the recuperator and the combustor of the gaation. RPSs mandate that companies providing power in the
turbine. Air is heated in the receiver before it is introduced intgtate provide a portion of that power from renewable sources;
the gas turbine, thereby replacing all or part of the fuel with solar
energy.

One option for the solar receiver is the pressurized volumetrie
receiver shown schematically in Fig. 18. The concentrated so Water Cooled
radiation enters the receiver through a domed quartz windo Target

]

Insulation

Concentrated
Solar Energy

Quarz Window

Volumetric
Absorber
Fig. 17 BioDish hybrid receiver Fig. 18 DLR pressurized volumetric air receiver
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Table 3 Parameters for the LEC analysis

Parameter Case 1 Case 2 Case 3 Case 4
System RatingkW) 25

Location Albuquerque, NMTMY2 Data Mode)

Combined Tax Rat€%o) 40%

Debt to Cap Ratiq%) 50 50 50 50
Blended Cost of Capital%) 20 15 10 6
Term of the Loan(yrs) 10 15 20 25
Fixed Charge Rat&o) 24.9 18.1 12.8 8.8
System Capital CogBUS/kW) 10,000 5,000 2500 1500
Annual Availability (%) 88 92 97 98
Annual PerformancékWhrs) 46,277 50,504 52,831 60,735

while SBCs collect a surtax from the consumer and put it into far the fourcasesevaluated are presented in Table 3. Figure 19 is
pool for developing solar energy and/or other energy resourcesplot of the LEC as a function of system operating and mainte-
The U.S. Federal government currently gives a production taance costs for the four cases.

credit of 1.7¢ US/kWhr for power produced from wind and .
closed-loop biomass power. This provision is being considered f rCase_ l This case represents the current state of the art of
expansion this year to include power produced from “swine and!S-Stirling systems. The systems are expensive prototypes that
bovine waste nutrients, geothermal power, solar power, and op < ha_n_d built and_ d_emons_trate modest reliability and system
loop biomass”[37]. Solar energy includes Dish-Stirling, powerdvailability. If they will invest in the technology at all, the venture
towers and troughs, and photovoltaic power generation. By tf@Pital community requires a large return on their investment in a
time this paper is in print, the decision on the extension of ﬂ{glatlvely short perlod.of time. At Fh's point in the devglopment
production tax credit should be resolved. Last, Dish-Stirling sy§Y¢!€: the venture capital is more likely to look for a quick return
tems are capable of operating on the customer- or demand-sid(.pgfthe'r investment, reallzeq within 35 yr by th_e sale of the
the power meter. In this sense, they can operate as distribu pany or their share therein. The cost of energy is more than $1

generation offering all of the advantages of any other distribut /kWhra so sales of syﬁtems a;jeﬂlow ?nd iupporr]ted by tfhose
generator, i.e., line conditioning, limited freedom from the grid"terested irgetting in on the ground flocar for whom the cost o
and sale of power back to the grid. énergy is not the motivating factor for purchase.

None of the methods for providing additiomalueto power  Case 2. Case 2 is a modest improvement on Case 1. The
produced from Dish-Stirling systems are included in this analysigystem cost is half of what it was for Case 1 and the performance
Many believe that it is the approach for assigning additional valygfiects a modest improvement. Reductions of half over prototype
to green power sources, in the form of tax credits or through th@sts could be supported by relatively low levels of production.
legislation of pollution penalties and issuance of pollution-offsethe perceived investment risk remains high, however; the moti-
certificates for green power, that will enable electricity from Dishvation for investment is probab|y the same as for Case 1. Even
Stirling systems and other renewable power sources to bridge tRgugh reliability and availability are not yet at the required lev-
cost gap and enter the competitive marketplace, much like wieds at LECs below 50¢ US/kWhr the remote power community

power has been able to do over the Igst three years. Unfortunatglyd some export markets may be interested in the potential of
in the current regulatory landscape in the U.S. and many counish Stirling power generation.

tries, the process ofaluing of green poweis caught up in and ) o
secondary to the continuously changing debate over restructuring>ase 3. In the scenario represented by Case 3, there is signifi-
of the electric utility sector. In the U.S., itis likely to be 3—5 year§ant mass production of Dish-Stirling systems and the reliability
before this debate plays out. Once restructuring legislation is #d performance have been demonstrated sufficiently to establish
p|ace' as much as a decade may be required to resolve C(;thhe |nVeStme.nt_C0mmUn|ty that the teChnOlOgy IS not hlgh risk.
challenges and establish sustainable sets of conditions that s could be similar to the current status of trough-electric tech-
financial community will accept for providing financing for re-nology where more than 350 MW have been in continuous opera-
newable technologies.

Achieving a competitive LEC depends on low O&M and capi-
tal costs. Reliability of operation is important for Dish-Stirling
systems because poor reliability results in increased O&M cos LEC VS. O&M Costs
A reasonable long-term target for O&M costs for a Dish-Stirling
system is in the range of 1-1.5¢ US/kWhr. Precisely what cons l —
tutes a competitive LEC from Dish-Stirling systems is an entirel 120 1 T
different matter and depends, to a large extent, on the market. I'f
entirely too easy to say that these systems must compete in beg o 100
load markets with coal or with peaking, gas-turbine power plan= =
at LECs of 3—-5¢ US/kWhr. This statement ignores tadue of E
clean, distributed power described above. Also, as a distribut§ 60 Dasel |
generation system, Dish Stirling can also compete in demand-s =

applications with the “price” of power not the cost. It is not% 5 PPy I SR el T-"“—"'rcm!

unreasonable to expect Dish Stirling power generation to becmm T

a significant player in a number of markets if the LEC from thi 20 1 | o = b= "
technology is reduced to 8—10¢ US/kWhr. 5 L =
The LEC analysis presented below demonstrates the sensitiy 0 !
o 2 4 & g 10 12 14

of the LEC to capital and O&M costs and, to a lesser extent, to tl
risk of investing in a new technology, represented by the rate O & M Costs (UScents/KWhr)
which money can be borrowed. This analysis is a generic one and

does not represent a specific Dish-Stirling system. The variables  Fig. 19 Levelized energy cost versus O&M costs
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tion in the California desert for a decade or m@B¢ The LEC for adding to the operational database and improving the system per-
reasonable O&M costs ranges from 15 to 20¢ US/kWhr. In thfermance. This is also the time to start introducing the technology
cost range and given a stable, restructured, utility environmetd, financial institutions.

Dish Stirling should start to be introduced into some green power

opportunities in the U.S. and Europe and may find application jn Greerll Power Marketsh. Green pO\lI)\llel’ is electricity gen_eralltedq
some remote markets, if they can meet reliability requirements!ToM solar, wind, and other renewable energy sources, including
Dish-Stirling systems. The primary reason for the emergence of

Case 4. Case 4 represents what the cost of energy and O&Wteen power markets is to replace part of the conventional, fossil-
might look like for a mature Dish-Stirling technology. The investfuel-fired generation and the associated production of greenhouse
ment community treats the risk of investment at the same level gases. The general approach is to offer a green power product to
for any mature rankine, Brayton, or combined-cycle system. Afte customer at a premium price that, when distributed over the
modest O&M costs, on the order of 2¢ US/kWhr or less, the LEEGustomer base, will cover the incremental cost of generation and a
will be less than 8¢ US/kWhr. This case is not intended to repreodest profit. Generally, the green producbisndedwith con-
sent the ultimate potential of Dish-Stirling technology but, at gentional fossil electricity or represents a fixed purchase of kilo-
cost $1500 US/kW, it represents an aggressive target. Furtherwigitt hours of green electricity per month.
ductions in the cost of energy and improvements in O&M will More than 100 MW of new renewable energy resources have
require major technology changes. been brought on line due to green power market development.

As mentioned earlier, this analysis has not included/tileeof ~ Estimates of market growth in the U.S. through 2010 range from
distributed generation or of reducing greenhouse gas emissiong31 to 6971 MW under low- and high-growth scenari@s],
associated with Dish-Stirling technology. It has also not include@spectively. The four barriers that determine whether the green
any of the cost offsets provided by existing or pending legislatigfower markets grow quickly or slowly are the progress or degree
on premiums, portfolio standards, or for green energy, availabled pull back of utility restructuring plans; the establishment of
parts of the U.S. and Europe. Even without these additional cdatorablerules for restructured markets; the level of consumer
incentives, green power and remote power markets should &eceptance of green power markets; and the continued decline in
available to systems if costs, representative of Case 3, cangremiums for green power purchases. Even a relatively modest
achieved. The potential markets and a market-entry path for DigBvel of Dish Stirling penetration into growing green power mar-
Stirling technology are discussed in the next section of this papkets could result in the deployment of hundreds of MW of Dish-

Stirling systems.

VI Markets for Dish-Stirling Systems Distributed Generation. Distributed generation is electrical

A potential path for Dish-Stirling technology, as well as othepower generation that is located near to the load and it may be
renewable energy technologies, into the commercial marketpldoeated on either side of the meter. On the supply side of the
is shown in Fig. 20. Initial sales are for so-callepportunity meter, the cost of the power must compete with the cost of base
markets to parties for whom the cost of energy is not the issue. Rd power plus any additional benefits. These benefits could in-
the costs are reduced and the system reliability increases, the sygde improvement in power quality, higher efficiency of trans-
tems will be sold into higher-value green power and distributedlission due to reduced transmissions distances, avoided fuel
generation markets. One of the advantages of Dish-Stirling syssts, and offsetting the need to build new base-load plants and
tems in these markets is their modularity, which allows for thgansmissior{39]. These are additional to the clean energy ben-
incremental addition of capacity as required. Modularity also akfits of renewable energy technologies such as Dish Stirling and
lows for the potential consumer gxperimentvith the technology may add further value to these systems. One sf8éjshows that
without having to invest in a large-scale power plant. As the reliistributed benefits enable entry of Dish-Stirling systems into the
ability increases further to meet even more stringent requiremenisarket when costs reach the level represented by Case 3 of the
Dish Stirling systems will be sold for remote power applicationgrevious section and that the market size increases to 1.5 GW/yr
Last, if costs decline sufficiently, they may also be sold for bulih the Southwest U.S. as costs drop to a LEC of 5.3¢ US/kWhr.
power generation. These markets are briefly described below. This is a low LEC for electricity from Dish-Stirling systems and
will be achieved only at very high production levels for very
g}ature system configurations.

On the demand side of the meter, distributed generation com-

Opportunity Power Markets. At an initial cost of $8,000—
$10,000 US/kW and a cost of energy more than $1 US/kWhr, n

many systems will be sold and the buyers are those motivated gtes with the retail price, not the cost, of electricity, which aver-

having the newest form of power generation equipment or by t %ed 8.8¢ US/kWhr in the U.S. in 2001, ranging from a low of

future potential of Dish Stirling technology. These markets reprg- : - : -
sent the chance to demonstrate Dish-Stirling technology and e%}m US/kWhr in Washington State to a high of 14.6¢ US/kwWhr in

cate policy makers and power producers while. at the same ti ew York[40]. The increased value of distributed generation may
policy p P ’ MW&sult in it being attractive to the consumer. However, it also re-

quires that someone, probably an independent power producer,

purchase or lease equipment, and provide for the operating and

maintenance costs. It requires open access to the grid and rules
Market Eﬂtr}\" Path that allow excess power v(\q/hen it is generated to be sold back to the
utility, called net metering. These added complications may make
demand-side generation unattractive to all but green-power pro-
viders and the most aggressive or larger users.

LIZED

REMOTE POWER

Remote Markets. Remote power is installed at locations far
from the grid. This could be for limited applications in developed
GREEN countries or for village power in developing countries where na-
POWER tional electrical power grids are not developed. The requirements
BULK POWER i for remote power vary with the application, but include some
+ t + t combination of reliability and ease of maintenance and repair.
2000 2005 Wi S e Consequently, even though these potential markets represent a
YEAR high value, they will be open to Dish-Stirling systems only when
the system reliability exceeds a minimum threshold, probably on
Fig. 20 Market Entry Path for Dish-Stirling systems the order of one-year mean time between failure. Several propri-

LEY
ENERGY COSTS
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Table 4 Cost Projections for Dish-Stirling Systems than 10¢ US/kWhr, which will expand the markets to distributed
generation and demand-side applications. The consideration of

Build Rate and O&M Costs ($UFkW) SBCs, RPS, and other tax incentives serves to reduce the effective
5 MW/yr 3000-5000 LEC even further thereby making power generation from Dish-
50 MW/yr 2000-3000 Stirling even more attractive. As performance increases and costs
O & M Cost @50 MWiyr 0.01-0.02/kwhr fall, the cost of power from Dish-Stirling could eventually com-

pete with conventional bulk power generation.

_ ) VIl Summary and Conclusions
etary studies of remote and village power markets suggest that the L
market size is in excess of tens of gigawatts with the potential to Dish-Stirling systems have successfully demonstrated that they
be much larger if the reliability of the systems is high and cost &&n produce electrical power for extended periods of time. The
low. Applications for these systems include power for villagegn@jor technical issue is establishing high levels of system reliabil-
water pumping and, in some desert areas, desalination of brackf¥h thereby reducing the operating and maintenance costs. The
water. This market segment may represent the highest value a8feond barrier to market entry is the initial cost of the systems

ultimately, may be the largest segment available to Dish-StirIirfqa’t: to a large extent, depends on increasing the production levels
systems. of components and systems. These two issues are being addressed.

The following summarize the current status of Dish-Stirling
Bulk Power Markets. To compete in bulk power markets, system and market development:

which are the lowest-cost, highest-volume energy markets, the ) ) o .

LEC from Dish-Stirling systems will have to compete with gas 1. ngh-.v.alu.e markets for Dish-Stirling will start to develop as

turbine power generation and/or combined-cycle plants where the ~ 'eliability increases and the LEC of energy from the systems

current costs are typically quoted as 3-4.5¢ US/kwWhr. Bulk falls below 20¢ US/KWhr. As the cost of energy from Dish-

power will become a market for Dish-Stirling as production costs ~ Stirling continues to decrease, new markets emerge with

drop even further and when base load energy costs increase due to €ven @ modest share of these markets representing huge op-

carbon taxes and the cost of implementing emission controls. portunities for sales. )
2. Dish-Stirling systems are flexible power generators—they

Near-Term Opportunities. There are two near-term opportuni- offer high levels of performance, are modular, operate in
ties for deployment of Dish-Stirling systems one in the U.S. and  solar-only and hybrid modes, and have demonstrated grid-
one in Spain. The U.S. deployment is being sponsored by the U.S. connected and stand-alone operation.

Department of Energy's Concentrating Solar Power Program. It3, Four Dish-Stirling system designs, comprising four different
has an anticipated release date of May—June 2002 and will be for solar concentrators and three Stirling engine/generators, are
1 MW of Dish-Stirling systems in Southern Nevadd. There is successfully demonstrating technical feasibility of solar
not much information available on this project at this time. The power generation using this technology today.

project is expected to require three years to complete and cost. One system, the ADDS Mod 2, is demonstrating off-grid
between $12—14 million US. The plant is to be operated like a  operation for water pumping.

conventional power plant with the operating and maintenances. Like other renewable energy technologies, Dish-Stirling sys-
costs paid by the power purchase agreement. tems require stable, sustainable energy markets that “value”

In 1998, the Spanish Ministry of Industry and Energy devel-  clean energy through green power programs, renewable
oped legislation to promote energy production from renewables, portfolio standards, etc. in order to find deployment oppor-
waste, and cogeneration. Since then there have been discussions tunities. The development of these markets has been im-
regarding the size of the subsidy and the eligible technologies. A peded by the suspension of restructured, market-based pro-
royal law finalizing the legislation is expected to be enacted dur-  grams in some states.
ing the summer of 2002. The pending legislation is for a subsidy
of 0.12 EURO/kWhr resulting in an electricity price of 0.156
EURO/kWhr (11 and 14¢ US?kWhr, respectivexlljopr solar-only Acknowledgments
electricity generating systems at power levels of 5 kW up to a The Dish Stirling development activities in the U.S. are funded
maximum of 50 MW. The solar power producer will deliver elecby the U.S. Department of Energy through Sandia National Labo-
tricity to the local utility and be reimbursed according to the agatories, a multi-program laboratory operated by Sandia Corpora-
tual price of electricity plus the subsidy. The amount of the sultion, a Lockheed Martin Company, for the U.S. Department of
sidy will be reevaluated every four years. Several companies amtlergy under Contract DE-AC04-94-AL85000, and the National
consortia are ready to start erecting solar power plants, once fRenewable Energy Laboratofi}REL). In Europe, the described
final amount of subsidy is determined. projects are co-funded by the European commission and the Ger-

For reliable Dish-Stirling systems that hareasonablgoroduc- man Ministries of Economics and Environment.
tion costs, the Spanish subsidy should be very attractive. Even
though Spain has a well developed electricity grid, there are solR@ferences
niche opportunities for power production on the Baleanc and Ca, 1] EPRI Report, 1986, “Performance of the Vanguard Solar Dish-Stirling Engine
nary Islands where small systems could help to increase the ca-" vodule,” Electric Power Research Institute, AP 4608, Project 2003-5.
pacity of the grids, offsetting the need to build new fossil-fired [2] Mancini, T. R., Kolb, G. J., and Chavez, J. M., 1994, “Solar Thermal Power
power plants. ;8day and Tomorrow,” Mech. EngAm. Soc. Mech. Eng, 1168), pp. 74—

While the current cost of Dish-Stirling systems is about : -
$10,000 US/KW installed, this reflects the one-of-a-kind, hand-' Gperaion and Mainienance improvemen: Program for Concentiaing Solar
built nature of the current design. Even at relatively modest rates Power Plants,” Sandia National Laboratories Report, SAND 99-1290.
of production these costs will easily be 1/3 current costs. Table 441 Zavoico, A. B., Gould, W. R., Kelly, B. D., and Grimaldi, I. P., 2001, “Solar
shows the cost projections of the four manufacturers whose sys- EOUer To4er (0 besr nmouors 1o improve Relebly end
tems are featured in this paper. Even at the relatively low produc-  conf., Solar Forum 2001, Solar Energy: The Power to Chqdsshington,
tion rate of 50 MW/yr(2,000 25-kW systems or 5,000 10-kW D.C.
system}; and at an O&M cost of 1-2¢/kWhr, the cost of electric- [5] N_evadz_al 1—MW Solar Dish_—En_gine Project, 2002, Notice of Solicitation for
ity from Dish-Stirling systems will be 15-20¢/kWhr enabling en- g';rf‘r’;‘;'ﬂ ﬁfiﬂ:%%g‘g";%fgjég:‘:bg;gsdsrfsog?ﬁzc'ztgzzgﬁieg'fso'r De-
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