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1.0 Introduction 

1.1. The Utility-Scale Joint Venture Program 
The Utility-Scale Joint Venture Program (USJVP) is a joint effort between Science Applications 
International Corporation (SAIC), STM Corporation, and Sandia National Laboratories to 
develop and test a utility-scale dish/Stirling solar power system. The program consisted of two 
phases. In the first phase, a single prototype dish/Stirling system was designed, constructed, 
and operated at a test site near Golden, Colorado. In the second phase, the design of the 
dish/Stirling system was improved and systems installed and operated at four sites: 

• National Renewable Energy Laboratory (NREL) Mesa Test Site, Golden, Colorado 
• Arizona Public Service Co. Solar Test and Research (STAR) Facility, Tempe, Arizona 
• Salt River Project (SRP), Mesa, Arizona 
• Pentagon Utility Plant, Washington, D.C. 

Although funded by another source, the Washington, D.C. installation is included in this report 
for completeness because its design was that of a Phase 2 system. The Washington, D.C. unit 
was moved after six months to become the APS West unit. 

The Phase 1 dish/Stirling system was a solar-only system employing a radial truss/hub design 
for the dish and a Gen. 2 STM Stirling engine. The dish controls employed conventional off-the-
shelf hardware and required operator intervention for normal operation. Installation of the 
prototype system started in late 1994 and it operated from June 1995 until July 1996, 
accumulating approximately 300 hours of on-sun operation. 

Throughout the second phase of the USJVP, many improvements were made to the Phase 1 
system design, including modifications to dish structure to reduce weight, wind loading, and 
parts count; implementation of face-down stow with an articulating engine support arm; 
control re-design to reduce costs and allow for autonomous operation; increased mirror facet 
size to boost power output; and design changes to the Stirling engine for simplification, 
improved performance, and hybrid operation with gaseous fuel. 

In the second phase of the program, we operated the Phase 1 prototype system and four Phase 2 
systems for more than 1,300 hours on-sun and 370 hours on gas. Most of the gas operation was 
conducted on the Washington, D.C. system because of limitations in solar operation and other 
operational constraints at that site. 

In the course of building and operating the four Phase 2 dish/Stirling systems, we resolved 
many system integration and design issues while gaining much practical operational 
experience. The second phase of the program resulted in the development of a dish/Stirling 
system far superior to the Phase 1 system. It is simpler to install, more robust, and more capable 
(e.g., hybrid gas operation, autonomous operation, and facedown stow). The Phase 2 design has 
the potential for reliable, autonomous operation in a commercial utility setting. 
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1.2. Report Highlights 
This report details the results of the Phase 1 program and each of the Phase 2 USJVP tasks. 
Phase 2 tasks were: 

Task 1: Stirling Engine Development 
Task 2: Solar Power Conversion System (PCS) Development 
Task 3: Solar Dish Concentrator Development 
Task 4: System Integration 
Task 5: System Installation and Testing 
Task 6: Business Development 

Appendices that follow this report provide supplemental information. The following 
subsections highlight program results. 

1.3. System Improvements 

1.3.1. Phase 1 System Design 
We designed the Phase 1 system to take advantage of the stretched-membrane mirror design. 
We installed 16 round facets on a radial truss structure with a central focus blower to provide 
focusing vacuum. The drive system used was a pedestal-mounted Flenders azimuth/elevation 
drive located in a hub at the vertex of the radial trusses. The Stirling engine was supported on a 
truss-like arm, counterbalancing the dish structure. While the system stowed in an upward-
facing configuration, the engine could be brought to ground level for maintenance by stooping 
the dish downward below the horizon. A pneumatically actuated shutter was used to interrupt 
solar flux to the engine in emergencies or during focus/defocus. Figure 1 shows the Phase 1 
prototype system in operation on sun. 

 
Figure 1. Phase 1 SAIC/STM Prototype Dish/Stirling System 
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1.3.2. Phase 2 System Design 

Changes and new features of the Phase 2 dish/Stirling system included the following: 

• Increased facet diameter 
• Staggered facet mounting on front and back of dish structure to reduce wind loading 
• Hybrid (i.e., solar/fuel-gas burner) receiver in the Stirling Power Conversion System 

(PCS) 
• Revised dish structure and hub designs 
• Face-down stow capability with articulating PCS support arm 
• Simplified, autonomous dish control system 
• Gear drive to reduce 2200 RPM engine speed to 1800 RPM at the generator 
• Simplified wiring harness for the dish control system components 
• Sun tracker and peak-power tracking capabilities 
• Electrically-actuated PCS shutter/plug with spring-powered, fail-safe closure 
• Improved focus control valves 
• Streamlined power wiring design and uninterruptible power supply for PCS 
• National Electric Code (NEC)-compliant power wiring system. 

Figure 2 illustrates the Phase 2 system (SRP dish in Mesa, Arizona). 

 
Figure 2. Phase 2 Dish/Stirling System 



 
SAIC/STM USJVP Final Report          26 January 2001 

page 4 

 

SAIC Energy Products Division, 15874 W. 6th Ave., Golden, CO, 80401 

1.4. Operational Results 
We operated the Phase 1 prototype between June 1995 and July 1996, accumulating 
approximately 300 hours of on-sun operation during the first phase of the program. In addition 
we operated the Phase 1 prototype system from September 1997 through March 1998 for a total 
of 76.7 hours during the testing and development of Phase 2 components and systems. After a 
final drive failure on the system in early March 1998, we mothballed the Phase 1 prototype 
system and continued system testing and operation on Phase 2 systems. 

The four Phase 2 systems were installed between January 1998 and August 1999. Because of 
problems encountered in debugging some of the changes to the system design, we were unable 
to operate the systems as much as projected at the beginning of the program. However, the 
following operational milestones were achieved with the Phase 2 systems: 

• Net power delivered of 21.6 kW at ~1,000 W/sq.m direct normal insolation (APS-West 
system, 4/16/99) 

• 30 days of uninterrupted solar operation at near 10kW output without an outage 
(Washington, D.C. system, 10/9/98-11/8/98) 

• 180 kWh of solar energy in one day (APS-West system, 4/10/99) 
• 159 kWh of fuel-powered energy delivery in one day (APS-West system, 3/26/99) 
• Demonstration of hybrid system operation on propane, natural gas, and hydrogen fuels 

(NREL system (propane), Washington, D.C. system (natural gas), APS-East (natural gas), 
and APS-West system (natural gas & hydrogen)) 

• Total of 1,592 hours of solar operation on all four systems (575 hours on a single system) 
• Total of 398 hours of gas operation on all four systems (346 hours on a single system) 
• 11,243 kWh delivered on solar, 2,803 kWh delivered on gas operation 
• 2959 Hours accumulated on three Solar/Hybrid PCS’s, 969 hours at STM on hybrid 

operation. 

1.5. Future Activities 
Operation of the three Phase 2 systems in Arizona helped SAIC and STM identify further areas 
for improvement to the system. Continuing operational testing of the systems and development 
of further improvements to the system design are proposed for the future. Evaluation of 
additional structural changes is planned, to eliminate movement of the structure that led to 
focus and alignment changes. Development of an improved shutter/plug system is planned to 
improve its seal and to better protect its components from the solar flux that is encountered at 
the front of the PCS. The actuator and blower controls will be ruggedized. Additional 
engineering development for future systems is also being pursued, including development of 
advanced drive systems, an on-board hydrogen replenishment system, and improved focus 
controls for the dish. All of these activities are aimed at increasing the performance, reliability, 
and functionality of the SAIC/STM dish/Stirling system for future commercial implementation. 
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The next step was to continue operation of the Phase 2 systems and accumulate performance 
and operational data. These data will be used to drive design upgrades and modifications for 
the next-build of production systems. A particular need for future deployments is the 
development of an advanced drive system for future systems, since the number of Flenders 
drives is limited and they are not presently in production. Another significant area of effort is to 
so develop the dish that it can be used with other engine/converter systems, to provide more 
flexibility and open additional markets for system deployment. 
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2.0 STM Engine Development 

2.1. Background 
At the start of the USJVP program in 1993, 
the U.S. Department of Energy (DOE) policy 
was that STM engine development be 
funded by industry. STM raised private 
capital to fund engine development while 
DOE funded the application of the engine to 
solar power generation. Since 1993 STM and 
its industry partners have invested $47 
million in private funds toward the 
development of the STM 4-120 engine 
(Figure 3). During the same period, DOE 
invested $6 million toward the solarization 
of the engine (Figure 4). Information in the 
public domain (i.e., funded by the 
government through cost share under this 
contract) is reported on fully. 

Figure 3. STM 4-120 Engine 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Solarization of the Engine 
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STM is partnering with a major U.S. automotive supplier to establish a production 
manufacturing capability for the STM 4-120 engine and STM’s distributed generation system 
called the STM PowerCell (Figures 5 and 6). To meet the forecast market requirements, STM’s 
manufacturing partner will establish a manufacturing capability of 10,000 STM PowerCells per 
year from the fourth quarter of 2002. A major U.S. energy company will become STM’s 
marketing partner of the STM PowerCell for DG markets worldwide except Asia. 

 

2.2. Engine Validation 
In 1998 STM engaged Price Waterhouse Coopers Securities, LLC, Washington DC (PWC) to find 
strategic partners and investors to manufacture and market STM engines. STM engaged third 
parties to perform independent validations as part of the development of the Private Placement 
Memorandum. These parties validated the STM technology, test procedures, performance, 
endurance, and manufacturing cost. 

2.2.1. Engine Design, Performance and Testing 
The majority of the initial applications for the STM engine will use natural gas as the primary 
fuel. The Institute of Gas Technology (IGT) was engaged to perform the validation of engine 
performance and testing procedures. Their findings are documented in a report dated 
September 1999. (See Section 2.6.3.) 

2.2.2. Engine Manufacturing Costs 
The goal of STM and its investors was to develop a new advanced engine using the Stirling (or 
near Carnot) cycle that could be manufactured at competitive costs to equivalent piston engines 
without sacrificing performance and reliability. 

Figure 5. Operation and Grid 
Connection 

Figure 6. STM Power Cell Demonstrated 
Performance 
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STM developed a double-acting engine with a 
variable swash plate for speed and power control. 
The cylinders of the STM engine are located 
parallel to and concentrically around the drive 
shaft. This configuration provides a very compact 
and uniform (symmetric) design (Figure 7). 

In the STM engine the pressure of the working 
fluid (hydrogen) is a function of the temperature. 
Heated gas in the cylinder above a piston 
increases the gas pressure, while cooled gas in the 
adjacent cylinder below the piston provides the 
pressure differential and power output. Speed and 
power are regulated by varying the piston stroke 
and energy supply. The ability to vary the stroke makes i
Early Stirling engines with fixed stroke required either chan
fluid pressure to change power. Changing the working 
system of valves, pumps, hydrogen storage means and con
manufacture and would require extensive service and ma
provides a cost effective approach to different applications
design for solar and non-solar applications. 

STM also engaged Manufacturing Innovation & Technology
an independent study of manufacturing cost for both the s
of the STM engine. They found that the manufacturing co
the engine is produced in reasonable quantities. MITI es
system, 1000 system, 5,000 system, and 15,000 system, p
$119,000; $80,000; $18,000; and $10,000. A coalition of
everything from standard components to specially designe
STM 4-120 engine. 

2.2.3. Solar System Manufacturing Cost 
In 1999, STM acquired a license from SAIC to manufacture
developed under this contract. STM intends to commercia
SunDish worldwide. In order to determine the manufacturi
Black & Veach (B&V) and MITI to estimate the cost to manu
and 1,000 systems. The system costs were $350,000, $250,0
$150,000. As a part of the B&V effort, the Bill of Materia
sources were identified as well as the cost drivers in the sys

2.3. Engine Configuration 
Earlier versions of Stirling engines (for example Kockum
engine) have demonstrated their ability to operate on conc
conventional fuels. The senior key management of STM led
until the engine was licensed to Schlaich Und Partner/Solo 
was a part of the Kockums/McDonnell Douglas effort to d

 

 
Figure 7. STM 4-120 Engine
, Golden, CO, 80401 

t possible to change speed rapidly. 
ging speed or changing the working 
fluid pressure requires a complex 

trols and, as a result, is expensive to 
intenance. The STM engine concept 
 by using a common power section 

 for Industry LLC (MITI) to perform 
olar-only and solar-hybrid versions 
sts would be very competitive once 
timated the costs for 1 system, 100 

er year. The costs were $180,000; 
 U.S. manufacturers is supplying 
d and fabricated components for the 

 and market the SAIC concentrator 
lize the complete system called the 

ng cost of the SunDish STM engaged 
facture and install 1, 40, 80, 100, 200 

00, $200,000, $200,000, $180,000, and 
l was reviewed and manufacturing 
tem that need to be addressed. 

s 4-95 engine and the Solo V160 
entrated solar energy as well as on 

 the development of the V160 engine 
in Germany. The same management 
evelop the 4-95 dish Stirling system 
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in the 1980’s until the project was terminated due to high manufacturing costs in volume 
production. The lessons learned form these older Stirling engines have been used in the 
development of the new advanced STM 4-120 engine. 

2.4. Engine Generations 
STM developed the STM 4-120 engine in three different generations, Gen I, II and III (Figure 7.). 

2.4.1. Generation I STM 4-120 Engine 
The first generation engine (Gen I) demonstrated the proof of concept. The test experience from 
the Gen I engine was used to design and build a small series of Gen II engines that were tested 
in laboratory and field. 

2.4.2. Generation II STM 4-120 Engine 
In the first phase of the USJVP program the engineering prototype 25 kW STM 4-120 engines 
(Identified as Generation II) were used. The use of Generation II STM 4-120 engineering 
prototype engines expedited the program. Even though they were not designed to meet cost 
targets they were available at the start of phase one. Several engines of this generation were 
built and tested. 

The objective was to verify the function, performance and durability of the Generation II STM 4-
120 engines in a solar energy application. The engines functioned as predicted and the 
measured performance (efficiency and power) was within five percent of the predicted 
performance. More than 5,000 hours of engine testing were accumulated. Testing consisted of 
laboratory and field testing (direct insolation receiver and heat pipe receiver running on sun). 

Several of the components and subsystems were not designed to meet the cost targets. For 
example, the engine crankcase was pressurized with helium to reduce pressure differences and 
decrease working fluid leakage. The swashplate actuation system used a hydraulic actuator that 
had high parasitics for the hydraulic pump. Likewise, the mechanical oil pump only began to 
pressurize the oil once the engine drive shaft was rotating and stopped when the motor 
stopped. 

2.4.3. Generation III STM 4-120 Engine 
Following the promising result from the testing of the Gen II, STM decided, supported by its 
investors, to increase the engineering effort to develop production prototype version of the STM 
4-120 engine (Gen III). As a result of a major engineering and manufacturing effort a small 
series of engines was designed, manufactured, and tested. The Gen III engine is currently used 
in the second phase of the USJVP program. 

STM accumulated approximately 30,000 hours of laboratory and field testing. In total, 18 Gen III 
engine drive rigs, complete engines and generator sets have operated on natural gas, propane, 
gasoline, diesel, hydrogen, biomass (wood products), simulated landfill gas. 

The generation III STM 4-120 engines incorporated changes, which addressed the problems 
encountered during Phase I demonstrations. The Generation III STM 4-120 engine 
improvements included an electrical motor driven actuator control, an electric water pump, an 
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electrical oil pump and an un-pressurized crankcase. The motor driven actuator provides 
precise and rapid actuation. An automatic brake system holds the actuator in place when the 
motor is de-energized. The electrical actuator design eliminates the parasitic losses associated 
with the hydraulic actuator used in the Generation II STM 4-120 engines. The water pump is 
thermostatically operated to reduce parasitic loads. It only operates when cooling is needed. 
The electric oil pump reduces wear on the engine by pressurizing the lubrication system before 
the engine start. Actuator improvements have been made in the worm gear drive that controls 
the angle of the swashplate. Other improvements have been made in the electrical controls for 
the engine and related equipment. 

The Gen III engine has half as many components and subsystems as the Gen II engine, which 
will reduce both the manufacturing costs and improve the reliability. The measured 
performance is within two percent of predicted performance and slightly higher compared to 
the Gen II engine. The projected manufacturing costs are lower than projected. The performance 
is 22kW at a cost of $180,000. 

The Gen III engine was designed to operate on gaseous as well as liquid fossil fuels as the 
baseline. During Phase II, STM developed a solar hybrid system that demonstrated the ability to 
operate on a combination of solar-natural gas, solar-hydrogen, and solar-landfill gas. 

STM developed the analytical tools required to adapt this engine concept to other solar 
applications and to project the probable life of the engine. These studies indicate that the 
commercial versions of the STM 4-120 engine used in this demonstration should, when 
commercialized, achieve the U.S. DOE life objective of 50,000 hours before overhaul. 

STM is proceeding, to pursue commercialization of the SunDish concept and identified a large 
number of potential applications. These demonstrations have identified opportunities for 
improvement in performance or reductions in cost, which will be pursued by STM and its 
partners including SAIC. 

2.5. STM Laboratories Overview 
STM invested in extensive laboratory capability spanning from forced component testing of 
critical components and sub systems, engine performance mapping and testing in 
dynamometers; complete system testing of the STM PCS systems; and solar simulation of the 
engine in elevated operating positions. The emission collection setup provides opportunities to 
collect emission data from each test cell. The STM Laboratories consists of 5 test cells, rated for 
gasoline usage. 

Most of the applications of the STM engine are in the area of electric power generation. 
Therefore, STM invested in equipment to become an Independent Power Producer (“IPP”) and 
the STM facility is classified as an IPP with a total generating capability of 1MWe. Therefore, 
with the exception of the dynamometer and hybrid vehicle application, engines are tested an 
engine-generator assemblies. STM has an agreement with Detroit Edison to sell electricity back 
to the grid. In addition to accumulation of durability hours and reliability, electricity is being 
put back into the grid. 
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As can be seen in Figure 8, five test 
cells are the STM testing laboratory 
facility. Four out of the five are used 
for engine/generators, dynamometer 
(Figure 9) and rig testing. The fifth is 
dedicated to combustion develop-
ment. All emissions measured at STM 
are done with a Horiba combustion 
gas analyzer (Figure 10.) 

Figure 8. Test Cells at the STM Testing Laboratory 

 

 

 

 

 

 

 

 
 Figure 9. Dynamometer Figure 10. Horiba Combustion Gas 

2.6. Testing 
Testing of the Gen III engines and engine 
components continues at STM (Figure 11) and 
in the field. A total of 29,613 hours have been 
accumulated on engine-generator systems 
(solar hybrid PCS, natural gas PCS, cogen 
power cells), full engine rigs, drive rigs and 
component durability rigs. 

2.6.1. Engine and Systems Testing 
During Phase I of the USJVP Project the Solar 
thermal system demonstrated its ability to 
produce over 20 kW of electrical energy peak. 
While the engine demonstrated the ability to 
produce 25 kW net electric output using natural 
gas, the electric output operating on sun was limited to
concentrator in phase I did not deliver enough heat into the

The correction to this in Phase II of the program was to de
reflective surface area. However, the specification require

 
Figure 11. Phase I Testing
., Golden, CO, 80401 

 20 kWe. The reason was that the 
 receiver. 

sign the concentrator with increased 
ment was to increase the reflective 
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area enough to produce 104 kWth in to the hybrid receiver in order to produce 25-kWe net 
electric. In reality, the phase II concentrator delivers only 95 kWth into the receiver, which still 
limits the engine to produce 22 kW of net electricity. The reflective area concentrator is not 
enough too produce 56,000 kW hrs from solar power alone during a full yearly cycle including 
allowances for the changes in effective insolation during the day, and season. During phase II 
the peak electrical output has been 21.6 kWe. At the same time, the solar hybrid system 
demonstrated 25-kWe net operating on natural gas as well as hydrogen. Phase II confirmed that 
the STM 4-120 engine and related technology was sufficiently well developed that 
commercialization for solar energy applications could be initiated within the next few years. 

2.6.2. Component Test Rigs 
The seal rigs shown in Figures 12 and 13 were instrumental in the design and testing of 
individual components without being affected by other components or systems. These tests 
resulted in improvements in the engine design, which increased reliability and reduced costs. 
The majority of these improvements focused on the dynamic seals, swashplate actuator and 
piston rings. 

Figure 12. Seal Rigs 
The improvements to the dynamic rod seal 
were on the seal support and spring loading, 
allowing the seal to move with the rod 
accommodating slight rod deflections. The 
seals are clamped between elements with low 
friction support surfaces allowing them to float with the small radial motion of the piston rods. 
The single coil spring used initially had been replaced with a different design that reduces the 
radial constraint and provides a more uniform seal loading. This configuration is now used in 
all engines and had been tested in a rig (Figure 12) to over 7,000 hours with gas leakage within 
acceptable limits. These improvements were incorporated into the Solar PCS engines. 

Actuator improvements have been in the housing, worm gear drive and in the electrical control 
drivers. All of which have been incorporated into Solar PCS engines. Field testing in Arizona on 
sun helped in building more robust electrical controls for the actuator. 

 

Figure 13. Seal Rig 
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2.6.3. Laboratory Testing Results (Validated by IGT) 

2.6.3.1. Test Description 
Configuration 

• STM4-120 # 2005 with “low-NOx” natural gas EHS, operational swashplate actuator and 
steel reciprocating components with a balancing flywheel 

• Dynamometer load 
• Insulated External Heating System 
• Controllable facility cooling system using water at constant 1.67 liter/sec. 
• Hydrogen working gas supplied by a controllable facility charging system 

Instrumentation and Data 

• Temperatures: 4 cylinder tubes (CT), 4 regenerator tubes (RT), coolant in, coolant out, 
exhaust, oil sump, air inlet and ambient 

• Pressures: 4 mean cycle pressures (to be kept constant at all data points), inlet air, oil 
• Swashplate angle or actuator position 
• Torque, speed and shaft power from dynamometer 
• Fuel mass flow (or fuel pressure, temperature and volume flow) 
• Combustion air mass flow 

Nominal Operating Conditions 

• Heater control temperature 800 °C 
• Coolant inlet temperature: 45 °C (it was not possible to maintain a constant coolant inlet 

temperature; Fluctuation occurred within ±7 °C of nominal) 
• Mean cycle pressure: 15 MPa (adjusted manually for each data point) 
• Air/fuel ratio: 29:1 (corresponding to λ = 1.75) 

Operational Variables 

• Speed: 1000 rpm to 2400 rpm in 200 rpm increments 
• Stroke: 27 percent, 36 percent, 45 percent, 64 percent, 82 percent and 100 percent 

2.6.3.2. Test Results 
Figures 14 and 15 show the gross shaft power and gross shaft-fuel efficiency, respectively, as 
functions of the speed at different stroke values. Gross shaft power is the mechanical power at 
the engine shaft. A portion of the gross shaft power is consumed by the external auxiliaries 
(combustion air blower and coolant pump). The gross shaft-fuel efficiency is the ratio of the 
gross shaft power and the fuel heat rate (based on the lower heat value). 
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Figure 14. Shaft Power at 15 MPa and Various % Stroke 

(Test runs 3 and 4) 
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Figure 15. Shaft Fuel Efficiency at Various % Stroke 

(Test runs 3 and 4) 

Power 

Over the speed range of the tests (1,000 to 2,400 rpm) power increases roughly linearly with 
speed with slopes that increase with the stroke thus demonstrating the expected qualitative 
behavior. 

Brake Fuel to Shaft Efficiency 

At low stroke, the efficiency increases with speed (and power). As the stroke increases, the 
efficiency vs. speed curves becomes flatter. At full stroke, the efficiency is almost independent 
of the speed over the entire speed range. Qualitatively, this behavior is expected. 
Quantitatively, the peak gross shaft-fuel efficiency measured is 35 percent at 1,400 rpm and 
34 percent at nominal speed. 
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External Heating System (EHS) Efficiency 

The external heating system efficiency (based on the exhaust temperature) is shown in Figure 16 
as a function of the airflow. Data from all four passes is combined in Figure 16 also. It appears 
that the EHS efficiency for test runs 3 and 4 is marginally lower than for test runs 1 and 2. 
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Figure 16. External Heating System Efficiency 

(Test runs 1, 2, 3, and 4) 
Between 20 g/sec and 50 g/sec air flow, the EHS efficiency is very flat, varying between 85 
percent and 86 percent. Below 20 g/sec of air flow the EHS efficiency drops and, at about 7 
g/sec, is only about 80 percent. This is counter to the expected behavior whereby the EHS 
efficiency would increase uniformly as the air flow goes down due to the increasing NTU. The 
reduced EHS efficiency at low air flow has been previously observed in rig tests of the preheater 
and is being analyzed. It appears to be due to heat leaks from the combustion side to the 
exhaust and air streams bypassing the preheater. Implementing design changes in the EHS flow 
scheme can solve this problem. 

Thermal To Shaft Efficiency 
An EHS efficiency of 85 percent and gross shaft-fuel efficiency of 35 percent correspond to a 
gross shaft-thermal efficiency value of 41 percent. 

2.6.4. Application System Testing 
The PCS’s have been designed with a modular concept that will allow the same basic package to 
be used for various applications by changing the heating system. Through the interchange of 
heating systems the PCS becomes capable of power generation using fuels such as natural gas, 
biomass, solar or liquid fuel. The objective of this task is to test these applied configurations in 
the field and to accumulate durability hours. STM 4-120 Generation III engines produced a total 
of 4,199 operating hours. 
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Figure 17. Engine Hours and Test Duration 

2.6.5. Engine Development Testing 
The continuation of the STM funded 
engine development test program 
produced a total of 21,850 operating 
hours. During USJVP Phase II, all testing 
was conducted on the current 
Generation III engine configuration. The 
intent of engine development was to 
continue to induce failures while 
accumulating engine hours. When 
incidents were resolved the basic 
reliability of the engine and its affected 
components were improved. The intent 
was to operate the engines at full load as 
frequently as possible using natural gas 
fueled Direct Flame Heating Systems 
(DFHS) in order to characterize the 
durability of the entire system. The data 
summary in Figure 17 shows individual 
engine hours and test duration. (Also see 
Table 1.) This summary indicates that engine serial numbers 2002 and 2004 account for a total of 
6,981 operating hours or 39.3 percent of the total laboratory engine development time while 
generating only one relevant incident. It must be noted that components produced for engine 
number 2015 were used to maintain other engines and therefore engine 2015 did not contribute 
any operational time toward the MTBF calculation. 

2.6.6. Drive Rig Testing 
All Generation III engines began their lives as drive rigs for a period of at least 100 hours. Drive 
rigs are designed to be motored at 1800 RPM through excitation of the 3φ alternator windings. 
The rigs are designed for full load endurance testing by maintaining maximum pressure in the 
cycles at variable swashplate angles. The rig configuration closely duplicates the operating full 
load forces produced in the STM 4-120 engine with a fully operating heating system. The 
cumulative laboratory test time on these rigs has been applied to the Reliability Growth Model. 

2.6.7. Exhaust Emissions 
Exhaust gas emissions of STM engines have been measured using the Horiba gas analysis 
bench. Measurements have been made in 4-120 engines with gasoline and natural gas fuels. 
Ultra Low Emissions of NOx, CO, and UHC have been demonstrated by controlling flame 
temperature either with excess air or by the use of exhaust gas recirculation (EGR). The use of 
EGR was found efficient in the reduction of NOx than the use of fresh air on a flow basis and is 
therefore preferred from a pumping power consumption point of view. The results are 
relatively independent of the two engine configurations because of their similar powers, 
operating conditions and combustor sizes. Laboratory tests results with No. 2 diesel oil have 
demonstrated similar results. 
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Table 1. Gen II STM 4-12 Engine Number, Time, Configuration, and Fuel Type 

Engine Hours Location Configuration Fuel Type 

2001 1,380 STM Laboratories Drive Rig, Development None 

2002 3,643 STM Laboratories Drive Rig, full load None 

2003 559 STM Laboratories Engine/Generator Nat, Gas, Biomass (wood products) 

2004 3,338 STM Laboratories Nat Gas PCS Natural Gas 

2005 2,959 STM Laboratories Dyno/Solar hybrid Nat. Gas, H2, Landfill gas, Solar 

2006 1,235 STM Laboratories Engine/.Generator Natural Gas 

2007 1,261 STM Laboratories Engine/Generator & Dyno Natural Gas, Gasoline 

2008 230 STM Laboratories Controls Development Natural gas 

2009 291 Bosal Engine/Generator Natural Gas 

2010 1,375 Pentagon Solar/Hybrid Solar, Natural gas 

  APS Solar/Hybrid Solar, Natural gas, Hydrogen 

2011 135 Sandia, NM Alb. Engine/Generator Solar, special heat pipe version 

2012 634 Golden, Co, SRP Solar/Hybrid Solar, Natural gas, Propane 

2013 1,430 APS Solar/Hybrid Solar, Natural gas 

2014 847 PCS 003 Solar/Hybrid Solar, Natural gas 

2017 457 STM Laboratories Engine/Generator Natural Gas 

2018 594 STM Laboratories Engine/Dyno Natural gas 

2019 644 STM Laboratories Engine/Generator Natural gas 

2020 500 STM Laboratories Engine/Generator Natural gas 

2021     

2022 245 STM Laboratories Engine/Generator Natural gas 

     

Total: 20,933    

 

Although engines in this size class are not currently regulated for emissions, the STM engine 
emissions are far lower than the emissions standards set forth in the Code of Federal 
Regulations (CFR40-Part89) for compression-ignition (diesel) engines near their size. Operating 
on natural gas fuel, STM engines can meet the most stringent requirements of the South Coast 
Air Quality Management District (SCAQMD) for power producing gas turbines (CFR40-Part50). 
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Fuel flexibility is inherently better with the STM engine than internal combustion engines due 
to the high combustor inlet temperature, continuous combustion, and independence from 
engine operating conditions. 

Carbon monoxide and Unburned hydrocarbons levels were characteristically much lower than 
the ULEV requirements. The highest points occur at high EGR and high power conditions 
where the residence time for completing the reactions is the lowest. Although this combustor 
was initially designed to be lean-direct injected, it proved to tolerate high levels of EGR quite 
well. Subsequent lab testing with more stable combustor designs showed that CO and UHC’s 
can be reduced even further. 

2.7. Reliability Growth Demonstration 
STM established a well-disciplined method to collect and generate reliability growth data on the 
main engine components. 

2.7.1. Objective 
The objective of Phase II of the US/JVP Program was to demonstrate continuous autonomous 
operation of five systems (later reduced to three) with continuous operation on one system for 
750 continuous hours. All Dish Stirling systems must operate within 20 percent of the system 
specification (22 kW net power at an insolation of 1000 W/m2) in a solar or hybrid power 
production mode during solar hours. Solar hours of operation are defined as the point in time at 
which the sun is more than 5° above the horizon. During this period the only allowable 
operator intervention is to initiate and disable hybrid operation, conduct scheduled and 
periodic maintenance and testing or to shut down the system due to holidays, site 
inaccessibility, and utility grid problems. Hybrid mode of operation is counted only during 
solar hours when the cloud cover does not allow for solar operation, and may comprise only up 
to 15 percent of the total operating hours. 

2.7.2. Definition & Calculation 
Proof Of Concept testing is an engineering activity that involves the implementation of 
engineering ideas and concepts into engine hardware for purposes of improving durability and 
performance. This approach is sometimes referred to as Test- Analyze-Fix -Test (TAFT). 

• Test the Baseline design until it breaks 
• Analyze the incident using good engineering practices 
• Propose and implement a comprehensive corrective action 
• Test the new design to verify the fix. 

Through the application of this Test- Analyze-Fix -Test philosophy, the time and cost of product 
research and development is being reduced. All design deficiencies identified during the 
reliability growth test phase are being addressed in this manner. 

Before an engineering concept can be considered to be an improvement to the baseline engine 
design, it must be scientifically qualified as such. 
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Performance Concepts being tested are: 

• Dynamic Seal 
• H2 Permeation 
• Epicyclic Actuator Module 
• Gas Fired PCS 
• Piston Ring 
• New Crosshead Geometry 
• Composite Engine Components and Dynamometer Testing. 

Durability Issues currently being verified during the proof of concept test phase include a more 
Rigid Drive Case and Regenerator Housing, Improved Lubrication System, Radial PL Seal, 

The total time on Generation III engines/drive rigs (excluding component test rigs) for 
purposes of reliability reporting was 20,933 Hours. 

Figure 18 provides the STM 4-120 Generation III Incident Timeline. 

The Incident time line in this report is for the period from May 15,1995 to October 2, 1997. The 
timeline chart reveals the application, cumulative time per engine and the incidents experienced 
on each engine. The incident distribution is as follows: 

• Relevant Incidents – Chargeable toward the overall reliability of the engine design. 
• Non-Relevant Incidents – These incidents are not applied toward the reliability of the 

engine design. These include operator induced incidents, test equipment incidents and 
those incidents induced by material or quality deficiencies. 

• Reoccurring Incidents – Reoccurring incidents are incidents that are identical to those 
which have been determined to be relevant and may be censored out of the reliability 
analysis. 

The timelines for units being used for engineering Proof Of Concept (POC) reveal a number of 
sequential non-relevant incidents. These non-relevant incidents indicate the tear down and 
rebuild cycles involving issues that have been revealed during POC testing. Prior to being used 
for specific POC testing these units were dedicated to the RGDT effort. POC components will be 
considered a part of the RDGT only after the design reached a point where the configuration 
can be frozen. 

Reliability 

At monthly intervals the reliability of the STM 4-120, Generation III Stirling Engine will be 
assessed and reported using the Duane Reliability Model to show reliability growth. The data is 
reviewed and scored for relevancy with respect to reliability growth per the incident definition 
in this document. 
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Figure 18. STM 4-120 Generation III Incident Timeline 

Starting Reliability 

The starting point for Reliability Growth for the STM 4-120 Short Block was determined 
through the use of an ideal growth plot. This ideal growth plot was based on a compilation of 
actual and projected data. In order to simplify this exercise, the total test time data for the 
Generation II and II a was used regardless of incident frequency. 

Therefore it can be stated that, the STM 4-120, Generation IIa engine should exhibit an MTBF of 
approximately 2685 Hours. Assuming that design changes were incorporated to correct 
deficiencies identified during testing, the Final MTBF for Generation IIa should be 
approximately 5382 Hours. This is the starting MTBF for the Generation III design. 
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Mathematical modeling, engineering judgment and the use of Reliability Analysis Center 
(RAC), Nonelectronic Parts Reliability Data, NPRD-95 determined the starting point for 
Reliability Growth for the DFHS. The starting MTBF for the DFHS is assumed to be 1512 Hours. 

Mean Time Between Failures (MTBF) 

The MTBF values depicted show the individual subsystem MTBF’s and the total system MTBF. 
The MTBF is the quotient that occurs from the total time accumulated during the test period 
divided by the total number of relevant failures. The Total Time is calculated as the sum of the 
projected Start Time (50 percent of the Predicted MTBF) and the actual test time. 

Total Time = (Start Time + Test Time) Hours 

The MTBF for the period from 5/95 - 11/95 is calculated using four (4) relevant incidents for 
the 4-120 Short Block and (1) one relevant incident is assumed for the Direct Flame Heating 
System (for calculation purposes only). Refer to Figure 18, Incident Summary, which gives an 
example of incidents vs. engine timeline, 5/15/95 – 10/2/97. 

MTBF = (Total Time/Total Failures) Hours 

Growth 

Through the use of the Duane Reliability Model, reliability growth can be expressed as the 
change in the logarithmic slope of the mean. 

A positive slope indicates that an Incident Reporting And Corrective Action System (IRACAS) 
is in place and operating properly. This results in the tracking and implementation of 
engineering changes and sub sequential reliability improvement. 

A negative slope indicates that an IRACAS system is not in place or that the system in place is 
not functioning properly. This situation results in a product exhibiting little or no improvement. 

Log( MTBF2 (Stirling System) ) - Log( MTBF1 (Stirling System) ) Reliability Growth =  Log( Time2(Stirling System) ) - Log( Time 1(Stirling System) ) 

Incident Definition 

Only the first occurrence for each unique incident mode will be scored as relevant with 
reference to the reliability of each of the systems on test. Incidents induced through the 
malfunction of test equipment or human error with respect to manufacturing, assembly and 
quality assurance will not be scored as relevant with reference to cumulative MTBF. When an 
incident mode is identified, a common method of corrective action will be implemented on each 
of the systems under test, thereby, negating the reoccurring incidents and their inclusion in the 
MTBF calculation. After implementation of corrective action, effectiveness will be verified 
through additional operation if necessary. 
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The STM 4-120 Gen. III reliability using actual test data and the consensus of the Incident 
Review Board (IRB) with respect to relevancy is calculated to be 4,725 Hours MTBF, for the STM 
4-120 Gen III engine only. (See Table 2 for engine hour timeline, configuration, and lessons 
learned.) 

2.8. Conclusions 
STM is committed to the commercialization of this technology. The alliances that are noted 
earlier in this section will help generate unique and powerful capabilities in the burgeoning 
field of electrical co-generation and distributed power. The testing and reliability activity 
supported by government funding and discussed in this section, coupled with proprietary 
development activity self-funded by STM, will help commercialize this activity by delivering a 
unit that is competitive from both an economic and performance viewpoint. 

STM will work to coordinate its proprietary efforts with all ongoing DOE initiatives to help 
accelerate the availability of these units to utilities and other users like the partners participating 
in the DOE program. In fact, STM believes that cross-fertilization of its proprietary efforts (with 
appropriate protection of its intellectual property) into any government program is probably 
essential to the eventual commercialization of SunDish technology. 
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Table 2. STM Generation III Engine Test Data 
    1995 1996  1997  1998  1999  2000    

 Engine# Fuel Location Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec Jan-Jun Jul-Dec 
Total 
Hours Testing Ended Lessons Learned 

Development 2001 none STM 635 339 406         1,380 Nov-96  

Full Load 2002 none STM 1222 1474 843 104        3,643 Feb-97 Strengthen Drive case, found cracks 

Engine Dynomometer                  

Dyno and Solar Hybrid 2005 Nat. Gas & 
Gasoline 

 249 459 591 762 58  436 264 61 79  2,959 Testing continues  

Dyno and Engine/Generator 2007 Nat. Gas STM 371 528 224 120 18       1,261 Jul-97 Controls development 

 2018 Nat. Gas STM         158 191 295 644 Testing continues  

Engine Generators                  

Biomass/First Gen III Rig and Engine 2003 Nat. Gas & 
Woodchips 

STM 221 189 149         559 Aug-97 Replace mechanical oil pump w/electric, 
Pl-seal improvements, Strengthen HH 
castings 

 2006 Nat. Gas STM 178 337 607 113        1,235 Apr-97 Actuaotor housing not strong enough, 
strengthen 

Controls Development 2008 Nat. Gas STM   58 126 46       230 Sep-97 Controls development 

Bosal 2009 Nat. Gas STM     91 125 75     291 Delivered to Customer Testing underway 

 2017 Nat. Gas STM        246 85 107 19 457  Exhaust gas recirculation tuning 

 2019 Nat. Gas STM         66 543 78 687 Testing continues  

 2020 Nat. Gas STM          275 225 500 Testing continues  

 2022 Nat. Gas STM           245 245 Testing continues  

Solar Power Conversion System                  

PCS Run on Gas 2004 Nat. Gas  822 1219 543 178 105 63 271 121 16   3,338 Jul-99  

PCS Using Heat Pipe (World Record) 2011 Solar Sandia    22 113       135 Jul-97  

Spare Solar/Hybrid PCS for USJVP 2014 Solar & 
Nat. Gas 

PCS#003 
APS 

       113 284 248 202 847 Testing continues  

Solar/Hybrid PCS for USJVP 2010 Solar & 
Nat. Gas 

Pentagon 
& APS 

    4 67  89 82 422 711 1,375 Testing continues  

Solar/Hybrid PCS for USJVP 2012 Solar & 
Nat. Gas 

Golden & 
SRP 

     96 538     634 Testing continues  

Solar/Hybrid PCS for USJVP 2013 Solar & 
Nat. Gas 

APS      6 90 99 462 593 180 1,430 Testing continues  

              Total 21,850   
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3.0 Solar Power Conversion System (PCS) Development 
The Solar Power Conversion System, or PCS, implements the STM 4-120 engine into an 
assembly with a solar/hybrid receiver, a generator, a cooling system, and a shutter/plug for 
hybrid operation and safety device. The solar-specific development activities carried out under 
this contract are described in the following subsections. 

3.1. Solar/Hybrid Receiver Development 
Hybrid operation of the PCS on a gaseous fuel was determined to be an important requirement 
for utilities in order to provide a dispatchable power system in spite of weather conditions. The 
Phase 1 PCS had a solar-only receiver. To incorporate a burner into the solar receiver cavity 
required significant changes to the receiver geometry and the PCS system. 

3.1.1. Solar/Hybrid Receiver 
The receiver in Phase 2 was increased in size and capacity to match the increased size of the 
dish concentrator. A significant change to the solar receiver was the layout to accommodate the 
hybrid option. Another major change from the Phase 1 system was that the tubes were 
connected to a header instead of bending the tubes back on themselves at the outer radius. This 
simplified the assembly of the heater heads and made them less costly and more robust. Also, 
the lengths of the heater tubes were increased to absorb the increased power from the Phase 2 
dish. The longer tubes increased flow losses, which resulted in both a performance and a cost 
penalty. The hybrid option reduces the system power production by about 1.0 kW. 

3.1.1.1. Hybrid Burner 
The hybrid low-NOx burner developed by STM is based on a small conical burner element in 
which gaseous fuel and preheated air are mixed and burn together with very low emissions. 
Multiple burners are placed behind the receiver tubes to heat the tubes uniformly and 
completely. These burners allow high temperature combustion air to be mixed without auto-
ignition. To operate the burners, a throttling solenoid valve and a mass flow meter is used to 
control the fuel gas flow, and a variable-speed blower is used to provide combustion air. The 
variable mass flow meter and blower was a requirement for variable power, should the need 
arise. A less costly system would have a preset fuel and air flow system for a constant power 
output. The exhaust gases in a recuperator preheat the incoming air. This recuperation is very 
important to the efficiency of the system when operating on fuel, and requires that the 
combustion chamber be sealed when the system is operated on fuel. Therefore, when operating 
on gas the shutter/plug is closed. However, the system can operate in a so-called augmented 
mode with the aperture open. In this case the fuel economy will be reduced, an issue of the 
value of the power and economics 

Some leakage of the shutter/plug-to-PCS seal was been experienced in the Phase 2 systems, and 
plans have been made to improve that seal in the upcoming phase of operation. 

The combustion air blower motor experienced difficulty in dealing with the high temperatures 
present in the receiver cavity during solar operation in Phoenix. During solar operation, the 
shutter/plug is opened and the combustion blower runs at a very low flow rate to prevent hot 
air from entering the blower motor area and overheating the blower and recuperator. However, 
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at least one blower was overheated and some plastic parts were melted during solar operation. 
Therefore, the blower was relocated to a position in the PCS package where it is better protected 
from the heat generated when operating on sun. This change has not yet been tested on a dish. 
Testing showed that the modifications have improved the reliability of the system. It also 
improved access to the air filter on the blower for easier service. 

3.2. Generator Selection 
In Phase 1, a three-wire induction motor was used as a generator. Because no ground 
connection was provided on the motor, separate grounding transformers were required to meet 
utility requirements for ground-fault protection. In Phase 2, a four-wire, three-phase induction 
motor was used as the generator. This eliminated the cost and complexity of the grounding 
transformers. 

3.3. Stirling Engine/Generator Connection 
The generator in the Phase 1 system was directly coupled to the Stirling engine, which restricted 
engine operation to approximately 1800 RPM, the synchronous speed of the motor/generator. 
In order to match the hybrid receiver requirement and to be able to capture the heat from the 
larger Phase 2 dish the engine speed was increased from 1800 to 2200 RPM. 

Throughout the Phase 2 contract, the team (Sandia, NREL, SAIC, STM and APS) debated the 
alternatives of increasing the engine speed via electrical power electronics or mechanical 
devices, such as a gear or chain drive. At the start of Phase 2, it was decided to use a gear drive 
to increase the engine speed from 1800 to 2200 RPM. After a meeting in Denver the team started 
thinking about the use of power electronics to increase the frequency of the generator from 60 
Hz, 1800 RPM, to 73 Hz, 2200 RPM. One of the determining factors for this was the idea of 
targeting off grid customers where the $/kW value is higher. Until a final selection had been 
made for the generator a decision was made to use a 30 kW induction generator with a bi-
directional inverter so that the system could be tested and not await a generator selection. Two 
systems, the NREL dish and the Washington, D.C. dish, were outfitted with the power 
electronics. 

Several drawbacks were found with power electronics, including: 1) Cost; 2) Ability to 
withstand high ambient conditions (reliability); 3) Electrical losses of about 6 percent; and 4) 
electrical noise generation. After reviewing the data the variable speed generator option was 
aborted, in favor of a cheaper, more reliable and more efficient (2 percent loss) gear drive to 
increase the engine speed to 2200 RPM. The final product was therefore a mechanical gearbox 
inserted between the STM 4-120 engine and the motor/generator to increase the engine speed 
from 1800 to 2200 RPM. These gearboxes were retrofit first on the APS West, and later on all the 
remaining PCS’s. 

3.4. Shutter/Plug Development 
Because of the sealing requirements of the hybrid burner, SAIC and STM agreed that STM 
would implement a shutter/plug on the PCS receiver cavity. The shutter/plug is under control 
of the PCS controller and consists of a large block of insulation with an actuator that rotates the 
shutter/plug against the front of the PCS to seal off the aperture of the receiver cavity. The 
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actuator is powered electrically, with a fail-safe solenoid that causes the spring-loaded shutter 
to close automatically upon loss of power to the PCS. 

3.5. PCS Test-Cell Testing 

3.5.1. Performance data 
The following tables give examples of the data taken at STM on the Phase 2 PCS’s. 

Data taken on the Washington, D.C. PCS at STM’s test cell with the Baldor bi-directional 
inverter showed that the bi-directional inverter causes about a 6 percent loss in electrical power 
(Table 3). 

Table 3. Washington, DC PLS Data Taken at STM’s Test Cell 

Date Time 

Water 
Inlet 

Temp 
[C] 

Water 
Outlet 
Temp 

[C] 
Air Flow 

[g/s] 

Engine 
Speed 
[RPM] 

Avg. 
Cycle 

Pressure 
[MPa] 

Avg. 
Receiver 
Temp [C] 

Power 
[kWe, 
net] 

Fuel Flow 
[g/s] 

Net 
efficiency 

[%] Lambda 

2/6/98 18:48 55 62 52.1 2206 12.7 723.5 19.6 1.6 24.9 2.0 

2/6/98 21:14 55 61 52.2 2206 13.2 722.9 21.0 1.7 25.3 1.9 

2/6/98 22:09 55 67 56 2209 14.7 722.2 23.3 1.9 25.4 1.8 

2/6/98 22:59 54 62 53.6 2208 14.0 721.0 22.3 1.8 25.3 1.8 

Data taken on the APS West PCS before delivery, at STM’s test cell with a gear drive instead of 
the bi-directional inverter (Table 4). 

Table 4. APS West PCS Data Taken at STM’s Test Cell 

Date Time 

Water 
Inlet 

Temp [C] 

Water 
Outlet 

Temp [C] 
Air Flow 

[g/s] 

Engine 
Speed 
[RPM] 

Avg. 
Cycle 

Pressure 
[MPa] 

Avg. 
Receiver 
Temp [C] 

Power 
[kWe, 
net] 

Fuel 
Flow 
[g/s] 

Net 
efficiency 

[%] Lambda 

1/30/99 9:39:20 46 57 53.7 2215 14.1 700.7 24.1 1.66 29.3 1.90 

1/30/99 13:08:10 50 60 47.9 2215 13.0 697.3 21.6 1.55 28.9 1.82 

1/30/99 20:58:00 48 57 45.8 2212 12.4 694.1 20.7 1.47 29.2 1.83 

11/15/99 10:05:40 45 55 56.2 2216 15.1 703.2 25.2 1.74 29.4 1.90 

A total of three PCS’s were completely built for this program. The first two used the direct 
connect coupling with a Baldor bi-directional inverter. The third PCS was made with the gear 
drive. The first two PCS’s were subsequently converted to gear drives before delivery to 
Phoenix. 
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3.5.2. Emissions Data 
Figures 19, 20, and 21 show the results of emission measurements made on the PCS using 
natural gas fuel. 
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Figure 19. Measured 4-120 NOx Emissions (Natural Gas Fuel) 
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Figure 20. Measured 4-120 NOx Emissions (Natural Gas Fuel) 
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Measured 4-120 CO Emissions
(Natural Gas Fuel)
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Figure 21. Measured 4-120 CO Emissions (Natural Gas Fuel) 

3.5.3. PCS Testing at STM Laboratories 
After each system was built, and before delivery, a series of tests was done at STM laboratories, 
including the following: 

• Hydrogen leak test 
• Coolant leak test 
• Fuel system leak test 
• Electrical checkout 
• Oil leak check 
• Part load test 
• Full load testing 
• 100 hour endurance tests for new systems 
• Tilt test, -35 to 85 degrees, at 10 degree increments during full load tests, to simulate 

solar operation 
• Performance testing. 

A total of 969 hours were accumulated on the three Phase 2 PCS’s at STM before delivery. 
Figure 22 shows a typical full day of test-cell operation. 
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APS West PCS, at STM, 1/30/99
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Figure 22. Typical Full Day of Test-Cell Operation 
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4.0 Solar Dish Concentrator Development 
The dish concentrator in Phase 1 had several limitations that were addressed in the second 
Phase of this program. The area of the dish was insufficient to produce 25 kW, which had been 
determined to be an attractive power level for utilities. The radial truss structure displayed poor 
torsional resistance to rotation about the dish axis, and the mounting bolts for the facets were 
found to be difficult to adjust accurately because they were mounted through the walls of tubes. 
Although the structure did allow for ground-level maintenance of the PCS, it did not allow for 
face-down stow. This resulted in rapid soiling of the mirrors. The facets were expensive to 
produce. Finally, the control system for the Phase 1 dish was complex and expensive, and it did 
not have all the features needed for autonomous operation. 

In view of the Phase 1 dishes’ limitations and problems, it was decided to perform an upgrade 
to the dish structure and to redesign the controls in the second phase of the program. A design-
for-manufacturability Analysis (DFMA) was done to aid in the redesign process. The following 
subsections describe the evaluations that were performed and changes that were made. 

4.1. Size and Function Evaluation 

4.1.1. Concentrator Size Evaluation 
One of the first trade-offs to be conducted concerned the size of the concentrator. The Phase 1 
dish had 9.5-ft diameter facets. To reduce assembly costs, it was desired to increase the facet 
size to the maximum size that could be shipped without special permits. Also, it was desired to 
increase the power output of the system to the maximum extent possible, so as to reduce 
balance-of-system costs. Counteracting the desires to increase the size of the dish were shipping 
size restrictions, the limited torque capabilities of existing drive systems, the hybrid operation 
requirement, and reductions in engine lifetime associated with increasing operating speeds. 
Taking all these factors into consideration, it was decided to increase the size of the dish facets 
to 10.5-ft diameter, an increase of about 22 percent in area. The engine speed was increased 
from 1800 RPM to 2200 RPM to accommodate the increased input power from the dish, as 
described in Section 3. 

4.1.2. Face-Down Stow Evaluation 
Face-down stow has been recognized for many years as an effective way of reducing soiling of 
the mirrors of concentrating collectors. At the Solar II plant, face-down stow was found to 
decrease the soiling rate by a factor of 2 compared to face-up stow. Also, face-down stow 
reduces the hazard of damage from hail and better protects the mirrors during high winds. An 
innovative system design was developed that uses an articulating PCS support arm to allow 
face-down stow while keeping the dish profile relatively low and drive moments within 
allowable ranges. When the dish descends to downward stow, a wheel on the inner part of the 
PCS arm contacts and rolls down the pedestal while the PCS arm hinges outward. The reaction 
force from this wheel counterbalances the PCS weight in such a way that the loads on the drive 
system remain almost balanced through the entire process. In order to protect against high 
winds blowing the support arm over when at upward stow, a mechanical arm latch was 
implemented to hold the arm whenever the system tracks above the horizon. Duplication of the 
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latches on both lower ends of the PCS arm provided further security, and limit switches alert 
the control system if either of the latches fails to open when going to face-down stow. 

4.1.3. Stow-Lock Evaluation 
Various stow lock configurations were examined in order to remove loads from the drive 
system when in high-wind stow. All configurations were plagued by the fact that in order to 
remove loads, they needed to be very stiff, having less backlash than the drive itself. This led to 
either excessively massive and complex latches or high stiffness requirements on the structure, 
both of which were cost-prohibitive. The final decision was to eliminate the stow-lock concept. 
In practice, the articulation of the PCS arm when in face-down stow was found to act as a 
stabilizing element in high winds because of the contact of the wheel on the pedestal. In face-up 
stow, the mirrors are close to the ground at lower wind levels, reducing the forces. Finally, the 
staggering of facets on the front and back of the structure makes the structure more porous to 
winds and therefore tends to reduce wind loading. 

4.1.4. Terminal Concentrator Evaluation 
A terminal concentrator was briefly considered for the Phase 2 system. It was decided that the 
cost and complexity of such a concentrator would exceed its usefulness. At the same time, we 
recognized that a window on the aperture was needed to allow true hybrid operation along 
with solar input. Therefore, it was proposed to develop and test a “flux scrambler” window for 
the receiver cavity instead of a secondary concentrator. The intent was that, in addition to 
closing off the aperture, the window could help to make the solar flux within the cavity more 
uniform, thereby increasing engine performance. Two approaches were examined: 1) A quartz 
window with a shape pressed or machined into it that is optically designed to smooth the 
internal flux distribution; and, 2) A simple window consisting of a close-packed bank of Vycor 
tubes that would refract and scatter the incident solar flux on a small scale to make the flux 
more uniform inside the cavity. Using the SAIC optical optimization code NICOS, we 
developed the first concept to a preliminary design stage. Initial tests of the second concept 
performed at the NREL solar furnace were encouraging, but equipment failures on the Phase 1 
prototype dish (which had been planned as the test bed for the system) precluded testing a 
prototype flux scrambler on a dish system. 

4.2. Structure Design Revision 

4.2.1. Dish Trusses 
A trade-off between different truss arrangements was carried out at the end of Phase 1. Truss 
arrangements were compared on the basis of the number of parts, number of joints, estimated 
total length of trusses, and estimated mass of the truss system. The criteria for improvement 
were decreasing total truss length and mass, and reducing the number and complexity of the 
parts and connections. Figure 23 shows some of the truss arrangements that were examined. A 
decision was made to proceed with the star truss design based on these criteria. 
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JVP Phase 1 

11 Main Truss Design 
9.5’ Facets 

 

 

This design required 434’ of 
truss and 4 different truss 
details with a moment of 
inertia of 280 in4 

 
11 Main Truss Design 

10.5’ Facets 
 

 

This design required 450’ of 
truss and 4 different truss 
details 
24” deep at 12 lb/ft = 5400 
lb with a moment of inertia 
of 280 in4 

 
7 Main Truss Design 

10.5’ Facets 
 

 

This design required 381’ of 
truss and 6 different truss 
details 
28” deep at 16 lb/ft = 6096 
lb with a moment of inertia 
of 440 in4 

1st 6 Main Design 
10.5’ Facets 

 

This design required 378’ of 
truss and 4 different truss 
details 
28” deep at 17 lb/ft = 6426 
lb with a moment of inertia 
of 513 in4 

2nd 6 Main Truss Design 
10.5’ Facets 

 

This design required 315’ of 
truss and 4 different truss 
details 
28” deep at 17 lb/ft = 5355 
lb with a moment of inertia 
of 513 in4 

Star Truss Design 
10.5’ Facets 

 

This design required 275’ of 
truss and 5 different truss 
details 
28” deep at 17 lb/ft = 4692 
with a moment of inertia of 
513 in4 

Figure 23. Truss Arrangements 
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4.2.2. Dish Hub 
The Phase 1 dish hub had several problems. It was not large enough to provide unrestricted 
motion around the fixed portions of the drive system, causing interferences. Also, the forces 
from the trusses were brought to a small area, which resulted in large members required to 
carry those forces to the drive. The Phase 2 hub structure was developed to be much larger and 
more open with a beam-frame rather than a webbed structure. The result was a stiffer yet 
lighter structure. 

4.2.3. Wind-Avoidance Designs 
Several concepts were proposed for reducing wind loading on the structure by avoidance of 
wind loads. Many of them required facet mounts that would allow motion or rotation of 
individual facets relative to the structure. It was determined that development of such mounts 
would be a significant endeavor, since they would have to hold the facets rigidly in alignment, 
allow them to swing free during high winds, and then re-latch reliably and securely after the 
wind passed. Therefore, those designs were not pursued in this contract. One concept that was 
implemented in the Phase 2 system was to stagger the mounting of facets on the structure. By 
placing some facets on the front of the main trusses, and other facets on the back of those 
trusses, we created large openings in the dish structure through which the wind could blow 
without inducing large forces. 

4.2.4. Structural Analysis 
The dish structure was analyzed using the ALGOR Supersap finite element program under 
wind and gravity loads to determine the stresses and deflections that would occur during 
operating conditions. We also checked the stow position to verify the strength of the dish under 
survival conditions. Figure 24 shows the finite element model of the structure used for the 
analysis. The effect of wind and gravity loads varied with dish orientation. Critical load cases 
for optical performance included maximum drag force, maximum lift force, maximum elevation 
moment and maximum azimuth moment. 

The structural deflections resulting from this analysis met the requirements of the optical 
specification for the dish structure, which derived from the CIRCE model results for solar flux 
at the receiver. However, actual beam profile measurements led to the conclusion that the 
optical specification was too loose. Hence, umbrella struts were added to the structural model 
and the analysis was repeated. The resulting peak structural deflections are shown in Figure 25. 
The analysis indicated that the struts would reduce structural deflections by 44 percent. To 
ensure that the final beam profile met the target optical accuracy, a one-square-inch cross-
section steel plate was added to the top and bottom flanges of the radial trusses. To simplify 
comparison with field observations, the structural deflections were used to calculate estimated 
spot motions at the receiver. Details of the results are given in the following subsections. The 
structural improvements were successful in stiffening the structure of the dish. Based on the 
most recent calorimeter data, the APS East dish has been shown to have an average optical 
efficiency of 87 percent, compared to the planned optical accuracy of 90 percent. 
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Figure 24. Two Dimensional Model of Dish and Hub 
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Figure 25. Deflections (inches) vs. Elevation Angle 

4.2.4.1. Finite-Element Analysis Assumptions 
The following simplifying assumptions were made in the finite-element analysis of the dish 
structure: 

• To derive the wind loads used in the analysis, the faceted dish was assumed equivalent 
to a single parabolic dish of the same dimensions, less a 24 percent reduction for 
porosity (based on projected area). The resulting forces and moments were distributed 
over the structure using the power law formula for wind speed as a function of structure 
height. For load cases with asymmetric pressure distributions resulting in azimuth 
moments, the forces were distributed using a linear pressure distribution across the 
width of the dish. 
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• The trusses were modeled with individual line elements. Figure 24 shows this two 
dimensional model. This provided a simple, useful model for overall structural 
performance but oversimplified connection details and facet mounting conditions. In the 
model, all connections were assumed to be perfectly rigid, welded connections. The 
actual structure consists of bolted connections with oversized holes for ease of assembly. 

• To account for the stiffness of the facets, it was assumed that they contributed in-plane 
stiffness to the dish structure. The facets were modeled as triangular braces with section 
properties less than the ring beam used to manufacture the facets. Although the 
triangular brace is stiffer geometrically than the circular beam actually used in the facets, 
this assumption is conservative because it does not take into account the stiffness created 
by the facet membrane. To restrict the facets to resist only in-plane forces, the facet 
connections to the truss were modeled as not capable of transferring moments. 

The structural deflections due to gravity and operational wind loads were determined using 
two versions of the two-dimensional model, one with struts and one without struts. Figure 25 
shows the results are shown in 15-degree increments from the horizon facing position (elevation 
angle = 0) to the face up position (elevation angle = 90). The struts were expected to reduce the 
peak structural deflections from 1.9 cm (0.75 inches) to 1.1 cm (0.42 inches), a 44 percent 
improvement. 

4.2.4.2. Predicted and Observed Spot Movements at the Receiver 
The structural deflections due to gravity and operational wind loads were converted to 
predicted spot motions of representative inner, middle and outer facets, resulting in a predicted 
range. As shown in Table 5, measured spot motions were consistent with the predicted range. 
The addition of the struts and the steel plate reduced observed spot movement by 50 percent, 
from 7.6 cm (3 inches) down to 3.8 cm (1.5 inches). 

Table 5. Predicted and Observed Spot Movements 

 Predicted Measured 

Without Struts 2.61 – 3.38 3 

With Struts 1.37 – 2.46 1.5 

 

4.3. Concentrator Drive System 
It has been long recognized that improved drive systems for large solar concentrators, such as 
dish/Stirling systems, are needed. In this program, SAIC used existing and available gear 
drives (manufactured by Flenders), while recognizing the need to develop or obtain new drives 
in the future. A specification for the new drives, based on requirements from both the dish and 
heliostat systems developed by SAIC, was developed and appears in Appendix A. 

In order to use the available gear drives, some improvements were made to them. Multiple 
failures of the same model of drive had been encountered on the Phase 1 system due to stress 
concentration on the elevation bearings. To reduce this, all of the Phase 2 drives were modified 
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by adding a tapered conical element that better distributed the load to the bearing. Also, all of 
the Phase 2 drives were refurbished and inspected by the Flenders Company before their 
implementation in the field. Along with these improvements and inspections, the balance of the 
dish was carefully controlled during design so that the loads on the drive would be minimized. 
As a result, no drive failures were encountered during the Phase 2 testing. 

4.4. Facet Design Revision 
In addition to increasing the size of the facets to improve system performance and cost 
effectiveness, changes were introduced to the design of the facets themselves to reduce 
materials and fabrication costs and to improve the lifetime of the facets. These changes are 
described in the following subsections. 

4.4.1. Facet Ring Design 
The facet rings of the Phase 1 system were rolled and welded I-beam sections. Because of the 
rolling process, the top and bottom surfaces were tilted and the surface finish of those surfaces 
was unacceptably rough. Significant grinding was needed to prepare the surfaces for welding of 
the membranes. Also, being mild steel, the facet rings did not match the material of the 
membranes (Type 201 stainless steel) for welding, and the facet rings needed to be painted for 
corrosion protection. 

In Phase 2, after discussions with suppliers of stainless steel membrane materials, a low-grade 
stainless steel (Type 410) was selected for the ring material. This made the rings more 
compatible with the membrane material for welding and eliminated the grinding and painting 
of the ring. Also, a fabricator was found for forming flat stock into a C-channel shape for the 
rings. Initial tests with 1” flanges led to a ring that was too weak, so the flange width was 
increased to 1-1/2” in width. The thickness of the ring material was chosen to match a sheet-
metal gauge thickness that is readily available. 

4.4.2. Facet Mounts 
The facet mounts on the Phase 1 system consisted of a doubler plate welded to the ring with a 
shoulder bolt stud extending outward. A rod-end was attached to the stud to give a ball-joint 
connection to the facet. Although this eliminated torque into the facet, the rod-end assembly 
was expensive. In a parallel heliostat manufacturing development effort (the SolMaT program), 
a mount with a captured nut was developed and used on heliostat facets. The captured nut 
made facet adjustment simple and easy. At the time of the Phase 2 facet manufacturing run, the 
captured nuts had begun to show corrosion and there were other difficulties with that design, 
so a simplified mount was designed for the dish facets consisting of a threaded rod passing 
through an oversized hole in a piece of channel welded to the facet ring. The threaded rod was 
secured with oversized washers and nuts above and below the hole. 

Once the systems were in place, testing showed that forces induced into the facet from these 
mounts were causing variations in the focus of the mirror facets. Therefore, the washers were 
supplemented with spherical washer sets above and below the hole to allow the threaded rod to 
be secured at small angles from vertical without inducing stresses in the facet ring. Some 
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threaded rods were also reduced from 5/8-inch diameter to ½-inch diameter at selected 
locations to reduce the forces exerted on the facets. 

4.4.3. Facet Mirrors 
The mirrors on the Phase 1 system were 0.7 mm thick float glass. These mirrors had significant 
visual aberrations (ripples), although they tested well optically. They were also quite difficult to 
work with due to their thinness. For the Phase 2 systems, mirror suppliers were again contacted 
and alternatives were investigated. A 1.0 mm low-iron glass mirror was found that had 
comparable reflectance and lower cost than the 0.7 mm float glass. Therefore, 1.0 mm low-iron 
glass was used on all the mirror facets. Some experimentation was done with alternative mirror 
adhesive systems, but none with acceptable features and performance were identified. NREL 
researchers alerted SAIC to potential problems with the MacTac adhesives over long periods of 
exposure, so the Phase 2 mirrors were bonded to the stainless steel membranes with 3-M Type 
966 transfer adhesive. 

4.4.4. Focus Valve Improvements 
The focus valves on the Phase 1 system operated well after some initial thermal expansion 
mismatch problems were identified and resolved. The Phase 2 focus valves were designed to 
accommodate the thermal effects that had been encountered in the Phase 1 valves, but the Phase 
2 dishes still seemed to exhibit over focusing. An effort was directed at finding the cause of the 
over focusing of the Phase 2 facets, and although the primary problem was determined to be 
rolling of the facet rings due to forces on the facet mounts, several areas of improvement to the 
focus valves were identified. The initial Phase 2 valves had Delrin™ valve bodies and poppets, 
brass bushings, and steel adjusting screws. The clearances between the poppets, bushings, and 
valve bodies were variable due to temperature effects and deflection of the Delrin™. Analysis 
showed that the steel adjusting screws in the original design could lead to focus movement with 
temperature changes. Therefore, after several iterations, new valves were produced with all-
aluminum valve bodies, bushings, poppets, and adjusting screws. The all-aluminum design 
eliminates any questions of thermal changes or materials incompatibility. The new were 
installed in the SRP and the APS-East dishes and will be installed on the other two systems as 
circumstances permit. Since their installation, no focus-valve-related problems have been 
encountered. 

4.5. Concentrator Control and Electrical Systems 
The controller of the Phase 1 system was not suitable for commercial, autonomous operation. 
Some needed sensors were not implemented and the system was cumbersome and expensive. 
Therefore, an effort was directed at simplifying and reducing the cost of the dish control system 
and making it capable of autonomous operation. The electrical system of the Phase 1 system 
also required significant changes and improvements. Again, simplification of installation and 
cost reductions were important considerations, but meeting electrical code requirements 
became the impetus for many improvements. 
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4.5.1. Dish Controller Development 
The development of the Phase 2 dish controller went through several stages. Initially, it was 
thought that the dish and PCS controls might be combined into one controller, but that proved 
infeasible. A separate dish control system was then designed and implemented using a 
commercial microprocessor controller as its core. This system was retrofit onto the Phase 1 dish 
and then implemented on two Phase 2 systems (NREL and Washington, D.C./APS-West) with 
hand-wired control boards. Finally, a printed circuit board design was developed, and the 
upgraded control boards were implemented on all the installed systems. Appendix B contains 
the controller requirements specification document that was generated for the printed circuit 
board. The following paragraphs describe the control system implemented on the Phase 2 
systems. 

4.5.1.1. Dish Control System Inputs and Outputs 
The dish control system is based on a commercial microcontroller (Z-World Little PLC, model 
BL-1200). The controller has eight digital inputs, and eight outputs capable of directly driving 
relays. An expansion board (Z-World ADC-4) provides an additional four conditioned and 
seven unconditioned analog inputs with a 12-bit A-to-D converter. The Little PLC also includes 
a real-time clock and two RS-485 simplex (two-wire) serial communications ports. One of these 
communication ports is used to “talk to” the central supervisory control and data acquisition 
(SCADA) system, and the other port is used to communicate with the Stirling Power 
Conversion System (PCS). 

The dish controller has the following inputs: 

• Azimuth and elevation motor encoders (for calculation of the dish orientation) 
• Azimuth and elevation limit switches (for detection of limit switch operation) 
• Arm latches (for verification of arm latch opening while going to face-down stow) 
• Auto/manual indication (for detection of manual operation) 
• PCS OK (parallel indication of PCS fault) 
• Above horizon limit (for avoiding azimuth motion when too low in elevation) 
• Focus on (feedback verification) 
• Sun reference sensor (analog value, for deciding when focus should be enabled and for 

data acquisition)) 
• Azimuth and elevation sun sensors (analog values, for off-track detection) 
• Power meter (analog value, for peak-power tracking and data acquisition). 

The outputs of the controller are as follows: 

• Azimuth motor run and reverse 
• Elevation motor run and reverse 
• Drive motor high/low speed (not used with the present motors) 
• Focus blower on/off 
• Scram contractor output (used with watchdog circuit) 
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• Fuel gas solenoid valve open/close. 

The focus blower is powered by a conventional mechanical relay and the fuel gas solenoid is a 
conventional 24 VDC solenoid. The azimuth and elevation motors are started and stopped 
using solid-state relays, and a conventional mechanical relay is used to reverse the motors and 
switch the limit switches. Solid-state relays were chosen due to the large number of on/off 
cycles that are encountered in tracking the system. The dish uses magnetically-actuated, 
environmentally-sealed limit switches. These switches act to cut power to the solid-state relays 
that run the motors, so they cause the motors to stop upon hitting a limit switch. The limits are 
set up so that if the system is driven onto a limit in one direction, it may be reversed and driven 
off the limit without jumpering. To protect the system, over-travel limits are implemented with 
quick-disconnects that are pulled apart, physically cutting power to the motors if the system 
drives past the electrical limit switches (e.g., due to failure of a solid-state relay). 

The SCRAM circuit was added to the system to provide a redundant, fail-safe method of 
stopping dish motion and focusing. The control board contains a circuit that energizes the 
SCRAM contractor (which provides power to the drive motors, focus blower, and gas solenoid) 
only if the SCRAM output is continuously set and reset with a period of a few tenths of a 
second. If the SCRAM output stays in either the on or off condition, the SCRAM contractor 
drops out, and the power to the motors, focus blower, and gas solenoid are disconnected. Two 
mechanical SCRAM switches are wired in series with the SCRAM control circuit, so that if 
either switch is actuated, the SCRAM contractor drops out. One switch is mounted on the 
outside of the dish control box, and the other is in the control room. 

4.5.1.2. Control System Components 
The microprocessor controller is attached to a printed-circuit control board that contains 
interfaces to the other components of the control system. On the control board, optical isolators 
and surge protectors protect the inputs and outputs of the controller. Indicator LED’s show the 
status of important inputs and outputs to help with troubleshooting of problems. The major 
external components to which the controller is connected are as follows: 

• Sun Sensor – Contains the sun reference sensor, sun tracking sensors, the horizon 
reference switch, and a circuit board with signal conditioning circuitry mounted on the 
dish hub. 

• Drive Motors – Single-phase 120 VAC capacitor-start motors are used for the azimuth 
and elevation drives (a ½-HP motor is used on the azimuth, and a 1-HP motor on the 
elevation). 

• Encoders – The system uses SAIC-developed optical encoders that give a quadrature 
output with one pulse per revolution. These are installed on the motor shafts between 
the motors and the gear drive. 

• Limit Switches – The drive limit switches are magnetically-actuated, hermetically-
sealed mechanical vane-type, normally-closed switches. Separate switches for each 
direction of the azimuth and elevation travel are actuated by magnets mounted on the 
drive. 
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• Arm Latch Switches – Each arm latch is fitted with a magnetic actuator that triggers a 
hermetically-sealed mechanical vane-type, normally-open switch when the arm latch is 
disengaged. The two arm latches are wired in series so that both switches must be 
disengaged before the circuit is completed to the control input. 

• Fuel Gas Solenoid – A standard, 24 VDC, normally-closed solenoid valve is employed 
to turn on the fuel gas supply to the PCS when gas operation is enabled. 

• Focus Blower – A 1/8 HP, 120 VAC regenerative blower valve is used to provide 
vacuum for focusing the facets of the dish. The blower is fitted with a backflow 
preventer and a normally-open defocus solenoid valve. The defocus valve is wired in 
parallel with the blower and actuates to close when the blower is in operation. 

4.5.1.3. Dish Control Program 
The system control software is written in the real-time Dynamic C programming environment 
on the Z-World Little PLC microcontroller. This controller uses a Z180 processor, and has 128K 
of battery-backed static RAM in which the program and data reside. The control program is 
designed to operate a dish/Stirling system in a stand-alone manner, including solar operation, 
operation on fuel, and data acquisition. The system communicates with an external SCADA 
system that operates over a daisy-chain network to provide user input and display of system 
parameters, data downloads, and overall system control to as many as 255 dishes per network. 
The SCADA system also incorporates a wind sensor and is programmed to inform the dishes on 
the network when the wind exceeds allowable limits. 

Solar operation is controlled with both calculated and sensor inputs. A sun position algorithm 
calculates the expected position of the sun. A sun sensor gives the relative position of the dish to 
the sun, as well as measuring the total insolation. The insolation sensor allows decisions to be 
made regarding whether to give credence to the sun sensor directions and whether net power 
can be generated. Finally, a tracking optimization algorithm is implemented that allows the 
system to find and track the aimpoint at which peak power is generated by the system. 

Operation on gas is allowed independent of solar operation. When operating on gas, the 
shutter/plug is closed in front of the receiver to maximize efficiency for fuel operation. The 
system is designed to automatically switch back and forth between solar and gas operation if 
both are enabled, depending upon whether the solar insolation is sufficient for producing 
power. True hybrid (i.e., with fuel and solar power at the same time) operation was not 
implemented in the Phase 2 system. 

The controlling element in the system is a truth-table function. This function takes as its inputs 
the values of a set of system flags that uniquely determine the status and operating mode of the 
system. The flags consist of overrides, system control flags, and system status flags. The outputs 
from the function are flags that enable motion, focus, and running on gas, and goal values for 
the azimuth and elevation of the dish. The outputs are processed by other functions within the 
control program to direct movement and operation of the system. 

4.5.1.4. Operator Interface 
Operator control of the dish/Stirling system is via a SCADA computer in the control room. A 
Windows-based program on this computer provides an interface to the dish network controller 



 
SAIC/STM USJVP Final Report          26 January 2001 

page 41 

 

SAIC Energy Products Division, 15874 W. 6th Ave., Golden, CO, 80401 

and the dish systems on the network. The program displays the status of multiple dishes on the 
network and allows the operator to send commands and make parameter changes to any of the 
dishes. The two main system operational controls are: 

1. Enable/disable solar operation – When enabled, the system automatically wakes itself, 
tracks the sun, generates power when the insolation is high enough, and stows itself at 
night or if high winds occur. If solar is disabled, the system will defocus and stow itself. 
Presently, the dish stows face-up during the day, and face-down at night, automatically. 

2. Enable/disable operation on fuel gas – When enabled for gas operation, the system will 
operate automatically on gas between an operator-specified start hour and stop hour. If 
solar operation is also enabled, and the time of day is within the gas operation window, 
the PCS will operate on gas anytime that solar insolation is insufficient for solar power 
production. 

4.5.2. Electrical Wiring Design 
The Phase 1 dish employed a very simple electrical system. The power for the control systems 
of the dish and the PCS was supplied by a separate 120 VAC supply and the PCS generator was 
supplied with 480 VAC, three-phase power. Economic analyses showed that the provision of 
both 480 VAC and 120 VAC to multiple dishes in the field would be expensive. Therefore, the 
Phase 2 systems were designed to have a 480VAC-to-120VAC transformer on each dish to 
provide control power. Since the PCS on the Phase 2 systems have an electric oil pump, an 
uninterruptible power supply was added to the system to provide power to the pump in the 
event of a grid failure. 

The first two Phase 2 systems were installed with a variable-speed AC motor driver to control 
the motor/generator at 2200 RPM. This required a separate 480 VAC circuit to the generator. 
When the variable-speed motor drive was replaced by a gearbox, the extra 480 VAC circuit was 
no longer needed, which simplified the wiring of the later systems. 

Also implemented on the Phase 2 systems was a distribution panel for the 120 VAC loads of the 
dish and PCS. This, combined with an overall 120 VAC disconnect, allows individual loads 
(such as individual motors and the focus control blower) to be turned on and off at will by the 
operator. A “SCRAM” system was also included to disconnect power to the drive motors, focus 
blower, and gas solenoid valve, if a manual SCRAM switch was actuated either at the base of 
the pedestal or in the control room. 

A review of the electrical design was conducted, and many wiring changes were made in order 
to meet National Electric Code requirements. For example, the power cable to the drive was 
replaced with a conduit and individual wire sizes were increased for the motors. The wire size 
to the motor/generator was also increased to accommodate thermal requirements. 

4.6. PCS Protection System 
The PCS protection system is intended to protect the PCS against concentrated solar flux. Two 
different protection scenarios were identified during testing of the Phase 1 system: engine 
problems requiring immediate removal of solar flux from the receiver; and protection of the 
PCS from off-track incidents in which the dish tracks off sun while still focused. The first 
scenario is addressed by the shutter/plug described in an earlier section. The shutter is closed if 
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an emergency in the PCS requires that solar flux be removed from the receiver. A PCS fault also 
signals the dish to begin defocusing, so that the shutter only needs to withstand full flux for a 
minute or two. 

The other protection scenario, in which the dish tracks off-sun in a focused condition, was not 
provided for in the Phase 1 control system. In that system, the operator was required to initiate 
focus and defocus manually and was responsible for ensuring that the system was actually on 
sun before beginning focus. In the Phase 2 dish, we decided that a sun sensor was needed to 
automate the focus process, to detect off-track conditions, and to serve as a check on the 
calculated sun-position algorithm used for tracking. The focus is controlled using a photovoltaic 
sensor in a collimating tube as a sun reference sensor. When the reference sensor detects 
sufficient solar insolation for system operation, the dish control system is enabled for focus. 
When the solar flux decreases or if the system tracks off from the sun, the sensor output drops 
and the dish controller turns off the focus blower. For the off-track sensor, a tracking sensor 
developed for a trough collector was adapted. The sun sensor consists of a pair of photoresistors 
mounted on opposite sides of a cylindrical “nose”. When the nose is pointed at the sun, both 
sensors are equally illuminated and the control signal is zero. If the dish tracks off sun, one or 
the other of the sensors is shaded while the other is fully illuminated, causing a voltage signal to 
the controller that varies in polarity and magnitude according to the direction and amount of 
off-track motion. The sun sensor signal is monitored by the dish control program, which forces 
the system to defocus if the error becomes too large (e.g., 25 milliradians between either the 
calculated or sun-sensor sun position). 

4.7. Fabrication Process and Tooling 
The Phase 1 dish facets were fabricated using manual operations on prototype tooling. The 
Phase 2 program took advantage of tooling and process development for facet production 
developed under the parallel SolMaT heliostat program but some development was also 
conducted in the course of the Phase 2 contract. The following subsections describe the activities 
under this contract. 

4.7.1. Tooling Development 
A semi-automated facet tensioning system employing mechanical grippers and pneumatic 
cylinders was developed in the SolMaT program. In the USJVP, a parallel-gap welder was 
developed for automated welding of the facet membranes to the facet rings. This parallel-gap 
welder allowed a double roll-resistance weld to be performed between the ring and membranes 
(top and bottom) in an automated manner. The principle behind the parallel-gap welder is that 
two roll-resistance weld wheels are used in a tandem arrangement. The wheels are wired to the 
welder so that the current goes through one wheel to the facet ring, then back out through the 
other wheel. As the current passes between the wheels and the membrane/ring interface, a 
double weld seam is produced. Because the distance between the wheels is fixed, the resistance 
is constant, and welds of very good uniformity are produced. 
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Another area of development was an automated mirror application device. A preliminary 
design was generated but time constraints prevented it from being used in production. Thus, it 
was never tested and the mirrors of the Phase 2 systems were laminated with adhesive and 
applied manually to the mirror facets. 

4.7.2. Quality Control Procedures 
An area of major effort was the development of quality control procedures for the manufacture 
and design of the dish components. A quality control engineer was hired who had experience 
with ISO 9000 and 9001 requirements. He generated a quality assurance program, including 
procedures for implementing quality control in all aspects of the project. In the design phase, 
procedures were implemented for configuration control and drawing numbering and approval. 
These procedures specified a design process and documentation requirements, and provided 
for design reviews and approvals. 

During facet production, procedures for quality control were also implemented. Each ring was 
measured for flatness and uniformity and the results were recorded. Then, when the 
membranes were applied the facet was again measured for flatness. Finally, notes were taken of 
any mirror breakage, including the point in the production cycle where the breakage occurred. 
These data allowed us to see where improvements to handling and production processes would 
be most helpful. 
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5.0 System Integration 
Although the prototype dish/Stirling system in Phase 1 was successfully operated on sun, it 
was not built to function as an autonomous system but was operated under direct operator 
control. Also, with the addition of the hybrid capability and the shutter/plug on the PCS in the 
Phase 2 systems, the interface between the engine and the dish controller became more complex 
and important. The changes made in the Phase 2 system required better control and definition 
of the interfaces between components of the system. 

5.1. PCS/Dish Interface 

5.1.1. PCS/Dish Physical Interface 
The physical interface of the Phase 2 PCS package to the dish included several improvements 
generated from experience with the Phase 1 system. The Phase 2 PCS base is constructed of steel 
channel, with the flanges pointing out so that the mounting bolts are accessible. Due to 
difficulties installing the PCS on the Phase 1 dish, the initial Phase 2 design included alignment 
blocks for the PCS that would allow it to be set on the support plate without requiring bolts to 
be in place. These alignment blocks were later found to interfere with components under the 
PCS and were removed. Another change is that the control cables to the PCS terminate in plugs 
on the bottom of the PCS. This simplifies assembly of the system and ensures correct 
connections. 

5.1.2. PCS/Dish Controller Interface 
The controller interface between the PCS and the dish consists of a switch closure that indicates 
that the PCS has no faults, and a RS-485 serial communication line between the PCS controller 
and the dish controller. The switch closure is a redundant indication from the PCS that it is able 
to operate. It was retained from the Phase 1 system for redundancy with the serial 
communication signal. The RS-485 communication line is the primary control interface between 
the PCS and the dish controller. Using that interface, the dish controller sends commands to the 
PCS to initiate and stop gas operation, and to open and close the shutter/plug. It also prompts 
the PCS for status, to which the PCS responds with a status message to the dish controller that 
gives the state of the shutter/plug, whether or not the PCS is running on gas, and if the PCS is 
ready for solar or gas operation. Loss of communications between the controllers causes both 
controllers to fault after a short time (several seconds). Any fault causes the dish to defocus, 
turn off the gas solenoid valve, and drive to a stow position, and causes the PCS to close the 
shutter/plug and shut down. 

5.1.3. PCS Solar Flux Interface 
The receiver of the PCS is the thermal interface between the solar dish concentrator and the 
engine. The desired flux profile at the PCS receiver is specified in the dish system specification 
(see Appendix C). Initial plans called for development and evaluation of alternative alignment 
and focusing approaches for the dish to achieve the proper flux profile at the PCS receiver. 
However, despite testing of several approaches such as distant-light alignment and VSHOT 
measurement of the dish, no procedure better than on-sun alignment with a beam 
characterization system (BCS) was found. The main advantage of the BCS alignment is that it 
gives a direct measure of the actual solar flux profile, although on a flat surface, not the conical 
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surface of the receiver. With indirect methods such as the distant-light source, there is still 
uncertainty after the alignment is complete as to the actual flux pattern. 

5.2. Quality Control 
The production quality assurance program was described in an earlier subsection, related to the 
production of the facets. The program also included procedures and a database for reporting 
and tracking incidents that occur during the installation and operation of the systems. Finally, a 
program was implemented for evaluating and tracking engineering change requests and 
proposals for system improvement. 

5.2.1. Incident Tracking 
Once systems were installed in the field, an Incident Reporting system was implemented to 
monitor and record incidents and problems that arose. This system has been invaluable for 
tracking the MTBF of the systems and for providing a process for addressing system 
improvements and changes needed to avoid or repair deficiencies. Appendix D has incident 
summaries for each of the systems through the end of October 1999. 

5.2.2. Engineering Change Process 
As part of the engineering design process, a system of engineering change requests was 
implemented. As opposed to incident reports, which are a reactive system to events that have 
occurred, the engineering change process is a proactive system for proposing improvements to 
the system. Several significant improvements have resulted from engineering change requests 
entered into the system by various individuals engaged in installation, operation, and testing of 
the systems. Appendix E contains a summary of the engineering change requests processed 
during this program. 
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6.0 System Installation and Testing 
The Phase 1 test program consisted of component tests, system integration tests, and on-sun 
testing of the completed prototype system. The Phase 2 test program scope included evaluating 
improvements made to the Phase 1 system, and gathering operational and incident data from 
the Phase 2 systems. Primary emphasis in Phase 2 was to have been on accumulating hours on 
the systems; efforts to address problems with the structure and engine precluded and re-
directed some of that effort. A significant amount of testing early in the program was involved 
in the development of the improved control system for the Phase 2 system. The bulk of time in 
the latter portion of the project was spent understanding the structural and focus control issues 
that arose during testing of the Phase 2 systems. 

6.1. Phase 1 Testing 
The component and system-integration testing performed in Phase 1 of this program was 
documented in the report “SAIC Utility Joint Venture Program Phase I System Test Plan and 
Results” (Revision #4, 22 May 1995). That report contained a summary of all tests performed, 
detailed test plans, and test results. The report was maintained in a loose-leaf format, and new 
test plans and test results were attached as appendices in the form of memos distributed as the 
tests were completed. Updates were delivered to all project participants over the course of 
Phase 1 of the project, so the following is simply a summary of tests performed during the 
Phase 1 program. 

Component and Subsystem Tests 
• Dish Facets 

– Facet Shape Measurement 
– Facet Focus Control Tests (vacuum level, membrane stress, focus control knob 

calibration) 
– Dynamic Focusing Tests (single-facet focus rate, focus stability, single-facet defocus 

rate, multiple facet focus tests, focus cycling test) 
– Facet Optical Tests (laser ray-trace measurements, NREL SHOT and Sandia 2-f tests, 

NREL adhesive/sealant/reflector sample evaluation) 
• Control System 

– Drive unit (function, no-load tests, analysis of bearing loads, failure analysis of 
bearings, drive flex and backlash measurements) 

– Utility Interface (relay checks) 
– Shutter Subsystem (operational tests, thermal tests) 
– Focus Control System (multiple-facet tests) 

• PCS Tests (pre-delivery tests at STM, including component and subsystem checkout, 
fault tests, mass and CG determination, full-power tests, system characterization tests, 
quartz lamp tests) 

• Data Acquisition calibration and sensor tests 
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System Integration Tests 
• Sun tracking and alignment 
• Drive System Baseline Measurements 
• Structure Deflections 
• Concentrator Wind Loads 
• Focus Control Verification (time to focus/defocus, flux during focus/defocus, 

individual facets) 
• Facet Alignment and Focusing 
• Flux Mapping (facets and full-dish) 
• Calorimetry 
• Shutter Operation Test 
• Concentrator Endurance Test (50 hours) 
• Utility Interface Trip Checks 
• PCS Checkout Tests 

Whole-System Tests 
• Demonstration of Manual Operation (manual movement) 
• Demonstration of Automated Operation (sun tracking, solar operation, fault responses) 
• System Operational Characterization (performance curve, wind effects, all-day power 

generation and efficiency, parasitic power requirements, effects of soiling) 

6.2. Phase 2 Tests with Phase 1 Dish/Stirling System 
The Phase 1 system was used for limited component and system testing during the Phase 2 
program. Through the middle of October 1997, the system was operated using the Phase 1 
controls to gather performance data and perform testing of concepts such as 3-phase drive 
motors, encoders, and VYCOR tubes across the aperture. Then, a prototype Phase 2 controller 
was installed, and the system was operated until March 1998 using that system. Unfortunately, 
the drive system on the Phase 1 dish, which was never rebuilt with the improvements made to 
the Phase 2 drives, failed twice in this period. The last failure was not repaired and the dish 
remained out of service from that time until it was taken down in 1999. 

6.3. NREL Dish 
The first of the Phase 2 systems to be installed was the one at the NREL Solar Industrial Mesa 
Top Area (SIMTA) site, where NREL made available a fenced test site with a control building 
and access to 480 VAC power. The NREL dish was the first to be assembled using the new truss 
system. There were significant delays and problems encountered in the fabrication and 
assembly of the system. It was also the first system to be built from the ground up with the 
Phase 2 control system, and the first system with the variable-speed bi-directional inverter drive 
for the motor/generator (an approach which was subsequently abandoned). 
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Table 6 presents a summary of the history of this system. 

Table 6. Summary History of NREL Dish 

Date Events 

1/9/98 System first installed on pedestal 

2/2/98 System successfully tracked on sun using the Phase 2 controls 

2/6/98 to 4/3/98 BCS alignment; It was found that the structure was deflecting excessively 
when facets were aligned, and braces were added to reduce the effect 

4/7/98 PCS installed for the first time 

4/24/98 PCS ran on propane gas for the first time 

6/1/98 to 9/27/98 Excessive spillage on receiver and changing of the image prompted more 
evaluation of the structure and eventual design and implementation of 
umbrella struts to stiffen the structure 

9/28/98 to 12/14/98 System was operated on sun and on propane gas. A peak power of 20 kW 
at 1000 W/sq.m was achieved 

12/14/98 Receiver failure (secondary failure) due to system fault (primary failure was 
insulation added to the shutter mechanism to protect its wiring caused the 
shutter to hang up); the PCS was removed and returned to STM, and the 
system was idled 

Sept 1999 System was removed from its pedestal for rework of the truss structure 
and retrofit of controls and wiring improvements. 

Because of the problems encountered with deflection of the structure, and because efforts were 
directed elsewhere during mid-1998 (the Washington, D.C. dish installation took priority), the 
operation of this dish was limited. Over the course of the Phase 2 program, the system operated 
393 hours on solar, and 17 hours on propane gas. During that time, the system delivered a total 
of 1,747 kWh of electricity to the NREL facility. 

6.4. Washington, D.C. Dish 
The installation of a Phase 2 system in Washington, D.C., at the Pentagon Utility Plant was 
funded from a source outside the USJVP. The system was installed in April 1998 operated for 
eight months, through November 1998. Then, it was removed and shipped to Arizona where it 
was re-assembled and installed as the APS-West dish. 

Because this system’s installation took priority away from the NREL dish, it actually became the 
first of the Phase 2 systems to come on-line. The process of debugging and troubleshooting the 
startup problems of the first Phase 2 system 2,000 miles from SAIC’s office was painful and 
slow. Because the structural deflection problems noted in the NREL dish had not yet been 
resolved, this dish was never operated at full power. Instead, several facets were left defocused 
during solar operation to eliminate any possibility that excessive flux would be put onto the 
receiver at any time due to flexing of the structure. As a result, this system never delivered more 
than about 10kW on solar at this site. 
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Despite the difficulties and problems encountered in debugging the Washington, D.C. system, it 
achieved several significant milestones. During the month of September, the system was 
operated in a hands-off manner for nearly 200 hours of solar power production (over 500 hours 
of automated operation) over a period of 23 days without any system disruptions. Also, 
intermittent, on-demand, and 24-hour-per-day power production using natural gas was 
demonstrated. An important measure of the system’s success is that by the middle of the 
operational period system operation was routine in both solar and gas-fired operation modes, 
and the operators were complaining of boredom. Another significant milestone was the 
disassembly and removal of the system, which was accomplished in 3 days. 

Table 7 summarizes the operation of the system. 

Table 7. Summary Operation of the Washington, DC Dish 

 
A complete record of the installation and operation of the Washington, D.C. system is contained 
in the final report for the project (Final Report, Contract BC-1296, for Sandia National Labs, 
entitled “Solar Dish/Stirling Demonstration Project: Washington, D.C.”, 15 December 1998). 

6.5. APS-West Dish 
The APS-West dish was installed in Tempe, Arizona at the Arizona Public Service (APS) Solar 
Test and Research (STAR) facility. Installation began on 22 January 1999. By 29 January 1999, 
the system was tracking on sun. It should be noted that the APS-West dish was installed with 
the wiring and other control components as they were on the Washington, D.C. dish, except for 
elimination of the variable speed controller for the PCS. It wasn’t until September 1999 that the 
dish was upgraded to a printed-circuit control board and other wiring improvements were 
made. The structure was upgraded when the system was moved from Washington, D.C. to 
incorporate the umbrella struts and stiffened trusses that were found to be necessary. 

Month 

Hours of 
Automated 
Operation 

Hours of On-
Sun 

Tracking 

Hours of Solar 
Power 

Production 

Hours of 
Natural Gas 
Operation 

April 1998 80.9 45.2 0.0 0.0 

May 1998 118.0 61.4 19.5 0.7 

June 1998 144.6 132.9 9.6 5.7 

July 1998 248.8 234.8 39.0 0.0 

August 1998 456.0 209.0 59.4 0.0 

September 1998 714.5 307.0 241.6 7.3 

October 1998 603.1 281.7 148.8 113.7 

November 1998 400.8 167.8 57.5 218.5 

Total: 2766.5 1439.7 575.3 345.8 
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On 3 February 1999, the system ran on sun for the first time. The Stirling engine installed on this 
system was the first PCS to incorporate a 2200 RPM-to-1800 RPM gear drive between the engine 
and the motor/generator. Initial solar operation was relatively trouble-free and continued 
through most of February, March, and April without serious incidents and with increasing 
operational time. Appendix F summarizes the cumulative operation of the system on a month-
by-month basis, and Appendix G gives details on a day-by-day basis. Table 8 summarizes the 
month-by-month operation of the system: 

Table 8. Summary of Month-by-Month Operation of APS-West Dish 

Month 
Solar 
Hours 

Gas 
Hours 

Solar 
kWh 

Gas 
kWh 

Solar 
Availability 

Solar 
Utilization 

Gas 
Availability 

Gas 
Utilization 

Feb ‘99 61.8 0.0 539 0 100% 53% 2% 0% 
Mar ‘99 86.5 7.7 1116 159 100% 32% 54% 3% 
Apr ‘99 139.4 7.1 1656 122 93% 39% 69% 2% 
May ‘99 22.0 0.0 221 0 32% 16% 35% 0% 
Jun ‘99 23.0 7.1 230 94 35% 15% 37% 3% 
Jul ‘99 63.1 3.0 664 50 50% 29% 56% 1% 
Aug ‘99 42.9 0.2 543 2 21% 50% 21% 0% 
Sep ‘99 14.5 0.2 129 1 52% 8% 53% 0% 
Oct ‘99 100.2 0.9 844 10 52% 56% 52% 0% 
Total: 553.4 26.3 5,942 439 54% 32% 45% 1% 

 

In the preceding table, availability of the solar and gas systems is defined as the time the 
systems were available to operate divided by the total time they could have operated (sunrise to 
sunset for solar, 24-hours per day for gas). The utilization is defined as the number of hours the 
systems were actually operated divided by the number of hours they were available to operate. 
As shown in the table, the solar availability in February to April was excellent, but dropped 
after that point to about 50 percent. This was due to maintenance activities related to the focus 
control system and structure. The gas system was down a significant amount of time because 
the combustion blower was overheating. 

Appendix H gives detailed data for a single day of operation in April 1999 in which the system 
operated on sun for 12.26 hours, delivering 173.8 kWh with a peak power of 20 kW. On 16 April 
1999, the system reached its record peak power output to date, a value of 21.6 kW. On 10 May 
1999 the engine was inadvertently run backwards after some wiring changes were made to 
install a power meter. This damaged the engine and brought the system down until 24 May 
1999 when a new engine was installed. The new engine had a special burner assembly to allow 
combustion of hydrogen. Problems with focus control valves caused the system to be down 
much of June. In early July, more testing was performed to understand the flux pattern changes 
that were being observed. It was determined that the focus changes were due to forces 
transmitted from the structure to the facets that caused the facet rings to deflect. 
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In August 1999, BCS testing was performed early in the month to verify that the focus was not 
changing over time. Then, the system operated until an engine fault in mid-August led to the 
engine being removed and returned to STM for evaluation. The engine was re-installed on 10 
September and the system operated 129 hours through the end of the month. Operation 
continued through October, and in mid-October, permission was received to operate the PCS on 
hydrogen, which was done successfully. Unfortunately, the engine faulted again on 28 October, 
and exhibited pressure differences between the cycles that led to the PCS being removed and 
returned to STM for repair 

6.6. APS-East Dish 
Installation of this dish began on 7 June 1999. Alignment and BCS characterization were 
completed on 18 June 1999, and the PCS was installed on 15 July 1999. In early August, the PCS 
was removed and BCS testing was conducted through the end of the month to measure changes 
in the alignment over a long period. The PCS on this dish exhibited occasional faults of the 
actuator system (due to parameter changes made by mistake) which limited otherwise routine 
operation in September. The engine was finally removed and sent back to STM for investigation 
on 1 October 1999. With the engine off, the dish was once again outfitted with the BCS system, 
and the facet mounts on some facets were modified to address the facet focus and alignment 
shifts that continued to be noted. Appendix I summarizes the cumulative performance of the 
APS-East system on a month-by-month basis. Appendix J contains the monthly summaries of 
its operation from July 1999 through October 1999, with day-by-day details. Table 9 summarizes 
the operation of the system: 

Table 9. Summary Operation of APS-East Dish 

Month 
Solar 
Hours 

Gas 
Hours 

Solar 
kWh 

Gas 
kWh 

Solar 
Availability 

Solar 
Utilization 

Gas 
Availability 

Gas 
Utilization 

Jul ‘99 23.6 5.8 228 90 76% 1% 77% 1% 

Aug ‘99 7.3 0.9 90 0 2% 7% 5% 2% 

Sep ‘99 23.4 2.2 771 122 70% 90% 70% 1% 

Oct ‘99 0.0 0.0 0 0 0% 9% 0% 0% 

Total: 54.3 8.9 1090 212 37% 27% 38% 1% 

6.7. SRP Dish 
The SRP dish was installed at the Pima-Maricopa Indian Reservation Landfill northeast of 
Phoenix, Arizona. Installation of the SRP system began on 16 August 1999, and the engine was 
installed on 24 September 1999. Problems with the grid interface, UPS system, and the PCS 
precluded all but a small amount of solar operation through the end of October, when the 
engine was finally removed and returned to STM for evaluation. The system was not operated 
on gas because the landfill gas supply system had not been installed. The completion of that 
system is expected by the end of November 1999. Although the system did not operate on solar, 
it was tracked in automatic mode during much of the month with the focus disabled. Appendix 
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K is the monthly summary for October; no cumulative summary is needed since the system 
only operated in October. The Appendix also includes the weather data recorded for September 
and October by the network interface at the SRP site. This data includes average wind speed 
and wind peaks, and the direct normal insolation measured by an Eppley NIP mounted on top 
of the control building. 

6.8. APS Weather Data 
Appendix L shows the weather data from the APS site for June 1999 through October 1999. The 
dish network interface records the average and peak wind speed. 

6.9. PCS Service and Overhaul Chronology 
Because the PCS’s for the Phase 2 systems were shuffled around a significant amount during 
this program, Table 10 summarizes their chronologies: 

Table 10. PCS Service and Overhaul Chronology 

PCS 
Serial 

Number Date Event/Location 
1 4/7/98 Installed on NREL dish with direct-coupled engine and generator 

 12/14/98 
Receiver tubes melted; returned to STM, where new heater heads and 
a gear drive were installed 

 9/27/99 Installed on SRP Dish 

 10/28/99 
Removed and sent to STM, where it was determined that the oil had 
leaked out of the gearbox 

2 2/98 
Installed on Washington, D.C. dish, with direct-coupled engine and 
generator 

 
12/98-
5/20/99 

Removed from Washington, D.C. dish and returned to STM, where a 
gear box was installed and the hydrogen burner taken from PCS #3 
was installed 

 5/24/99 Installed on APS-West dish 
 8/20/99 Max. Cycle Pressure Difference Fault; engine returned to STM 
 8/28/99 Engine installed on APS-West dish 
 10/28/99 Cycle Pressure Imbalance Fault; engine removed and returned to STM 
3 2/2/99 Installed on APS-West dish, with hydrogen burner installed 

 5/10/99 

Accidentally run backwards; returned to STM, where the core engine 
was exchanged and the hydrogen burner was removed (to be installed 
on PCS #2, see above) 

 6/99 Installed on APS-East dish 

 10/1/99 
Because of recurring Actuator Stall Faults, removed engine and 
returned to STM. 
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6.10. Summary of System Performance 
Table 11 summarizes the performance of all the systems through the end of the USJVP Phase 2 
program: 

Table 11. Summary of System Performance 

System 

Total 
Solar 
Hours Solar kWh Peak kW 

Total 
Gas 

Hours Gas kWh 
Rocky Flats, Phase 1 304 3,008 21.6 n/a n/a 
Rocky Flats, Phase 2 111 810 14.8 n/a n/a 
NREL 393 1,650 20.7 17 97 
Washington, D.C. 575 Not Recorded Not Recorded 346 Not Recorded 
APS West 553 5,942 21.6 26 439 

APS East 54 1,090 20.5 9 212 
SRP 17 203 17.0 0 0 
Total: 2,007 12,703 21.6 398 748 

 

As of the end of Phase 2 of the USJVP program, the dish/Stirling systems have demonstrated 
many important features necessary for future production units, but some problems remain in 
both the dish and the engine subsystems. A summary of achievements and challenges follows: 

Achievements of the USJVP dish/Stirling Systems: 

• Over 2000 hours of on-sun operation with six system installations and two generations 
of design 

• Almost 400 hours of hybrid operation, with over 300 hours of natural gas operation on a 
single system (Washington, D.C.) 

• Demonstrated 21.6 kW(net) power on sun (Note: this is 13.6 percent below the initial 
rating of 25 kW, but consistent with measured system optical performance, thermal 
losses, and electrical characteristics and parasitics of the Phase 2 dish and PCS) 

• Demonstrated simplified, low-cost dish control system with autonomous operation 
capability 

• Demonstrated hybrid operation with propane, natural gas, and hydrogen fuels 
• Demonstrated face-down stow with articulating PCS support arm 
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Challenges to the USJVP dish/Stirling System: 

• Hybrid operation, thought to be an important component in future systems, has not yet 
demonstrated its full promise. Development of augmented hybrid operation (i.e., 
supplementing solar energy with gas fuel) would make hybrid option more practical. 

• Dish structure requires more stiffening to achieve highest performance 
• “Nuisance” problems continue to interfere with peak performance and limit system 

operation (e.g., hydrogen leakage from engines, sensor failures, etc.) 
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7.0 Business Development 

7.1. Overview 
The business development task included dish/Stirling system sales to utilities, development of 
the SAIC business plan to market systems, and the SAIC/STM license agreement to allow STM 
to sell systems. The foregoing activities were all dependent on system cost studies, which are 
included for completeness. The details of the market projections and proprietary offering data 
from the business plans and license agreement are not included. The general market trends are 
included, the most notable being the death of regulated utilities (utility deregulation) starting in 
1997 and historically low energy prices due to a worldwide economic slowdown, causing 
energy prices to drop. 

Financing of a dish/Stirling company has yet to be achieved. However, in October 1998, STM 
engaged Price Waterhouse Coopers Securities, LLC (PWC), a major investment banking firm, to 
seek strategic alliances to manufacture and market the STM engine for solar, distributed power 
generation and transportation applications. 

At present, STM is entering into agreements with US companies regarding the distributed 
power generation application using conventional fuels versus solar. Further STM acquired a 
license to manufacture and market the SAIC solar concentrator world-wide. 

Last year, STM engaged Black & Veach and MITI to make an assessment of the manufacturing 
costs of the SAIC/STM solar system called “SunDish”. The task includes identification of cost 
driver and proposals to reduce costs as well as projections of one respectively 1000 SunDish 
systems. This effort is done independent of the SAIC effort described below. This information 
will be used to direct the remaining R&D effort to reduce cost, and improve reliability. 

In parallel, STM and PWC continue to form strategic alliances to commercialize the SunDish 
systems. Their efforts are expected to pay off in developing a robust dish/Stirling supply 
business. 

7.2. Cost Estimates With Performance and Reliability Goals 

7.2.1. Cost Estimates 
Cost estimates were prepared based on revision of the Phase 1 design and process 
improvements made in Phase 2. Generally reductions in truss weight and a decreased cost of 20 
percent was offset by the increased cost of articulating the PCS support arm for face down stow. 
Facet production cost estimates remained the same. 
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The cost estimates by component are summarized in Table 12. Several key trends were 
observed. Today, the price is $10.00 per Watt. All costs must be dramatically reduced to reach 
$2.00 per watt. Operation and maintenance costs are also very high today and must be reduced 
by increasing reliability and mean time between failures. 

Table 12. Cost Estimates Including Performance and Reliability Goals 

 
$10/W 

Baseline Total 
$4/W 

5 Years 
$3/W 

10 Years 
$2/W 

20 Years 
COST     

Power Conversion System (PCS) 54% 35% 25% 20% 
O&M 15% 20% 20% 15% 

Installation 8% 8% 16% 15% 
Structure 8% 8% 8% 10% 

Drives 7% 10% 8% 10% 
System Integration 4% 10% 10% 10% 
Reflector Materials 2% 5% 8% 10% 

Mirror Modules 2% 4% 5% 10% 
     

PERFORMANCE     
Flux Smoothing 20% 24% 26% 26% 

Higher Average Reflectance 
(soiling/avoidance) 85% 90% 92% 92% 

Higher-Temperature 
Heater Heads 20% 20% 28% 28% 

     
RELIABILITY     

System Availability 80% 95% 99% 99.99% 
MTBF 40 2,000 10,000 20,000 

Service Costs O&M, $/kWh $0.10 $0.02 $0.01 $0.02 
     

SYSTEM OUTPUT     
Annual Output (kWh) 52,000 56,000 58,000 58,000 

Solar only Electricity including O&M 
$/kWh $0.85 $0.30 0.20 $0.13 

Solar plus 25% natural gas usage 
incl. O&M $/kWh $0.64 $0.23 0.16 $0.10 
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7.2.2. Performance and Reliability Improvements 
The system performance is limited by the amount of heat available in the aperture and the 
maximum flux (75 W/m2) on the heater head tubes. The initial design specification of the 
concentrator was 104 kW of heat in the aperture based on 122 m2 of reflective mirror area. The 
actual projected mirror area of the as-built concentrator is 113.5 m2, since glass is not placed 
over the membrane seams. . The actual power at the aperture expected with 113.5 m2 reflective 
area is 97 kW, and the measured value is between 95-96 kW. The 8 kW shortage of heat in the 
aperture is the reason for the measured 21.6 kW of electricity versus the design value of 25 kW 
at 1000 W/m2 insulation. 

The maximum operating temperature for the super alloy of the receiver is 800C. Limiting the 
heater head temperature to 800C prevents metal creep, which would eventually lead to rupture 
of the heater head tubes. 

The temperature distribution on the receiver, especially the difference between the highest and 
lowest temperature, is the next contributing factor to performance. For optimal performance the 
temperature difference should be 25K-30K or less for a STM 4-120 engine using natural gas 
heated tubes. The STM solar PCS operating on natural gas produces 25 kWe net with a 
temperature difference of 70K-80K. The reason for this higher temperature spread is the 
substantially longer heater tubes. The actual temperature difference operating on solar is 
typically 150K-200K. The maximum temperature is limited by the maximum heat flux, which 
drives the average operating temperature down, and reduces performance. 

We believe image refinements from facet orientation and a receiver aperture window will result 
in more uniform temperatures in the receiver and raise the average receiver temperature. 
Another alternative is high-temperature materials, like ceramics, for the heater heads thus 
allowing 100 W/cm2 flux. This would allow for a smaller aperture and shorter heater head 
tubes, thereby reducing gas pumping losses in the engine. 

NASA projected that the fuel-to-shaft efficiency will increase to 52 to 56 percent if the Stirling 
engine could operate at a temperature of 1050C. Assuming a combustion efficiency of 90 
percent, this corresponds to a thermal engine efficiency between 58 to 62 percent, say 60 percent 
(heat absorbed in tubes to shaft power out). The heat absorption in the receiver is presently 
about 71.5 percent of the incident solar energy on the system. Assuming an overall generator 
efficiency of 94 percent (current), the potential solar-to-net electricity efficiency has the potential 
to reach approximately 40 percent. Thus, the STM engine demonstrated a major development 
potential in increased solar-to-electric efficiency. 

Mirror soiling and cleaning remains an issue. Fast, low-water-use cleaning methods are needed. 
Preferably self-cleaning would be ideal. Mirror cleanliness has a large effect on the kWh 
delivered annually so it must be addressed. The nighttime facedown-stow position increases the 
time from cleaning to cleaning by a factor of two compared to face up stow. Weekly cleaning 
works best but is costly and labor-intensive. Automation is necessary. 

Phase 2 of the USJVP did not demonstrate high reliability. The real world has grid trips at full 
power and power line phases being rolled inadvertently by maintenance personnel. The PCS 
was not capable of protecting itself against these real-life events. In one event, the phases were 
rolled, meaning two of the three wires were reversed, at APS by accident and the engine was 
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run backwards. This resulted in damage that required a tear-down and rebuild of the engine. 
The controller was subsequently reprogrammed to detect and prevent the engine from running 
backwards. Grid trips under partial load cause the engine to over-speed. No damage occurred 
but over speed protection needs to be added. 

The hybrid combustion blower had plastic and rubber drive components and was mounted an 
area where those components were exposed to excessive temperatures, causing them to melt. 
The blower was subsequently been moved out of the hot area. 

These major design and systems engineering issues preclude any real assessment of the 
operation and maintenance costs of the current Phase 2 dish/Stirling system. We remain 
optimistic that the long-term cost of keeping the system available will be low once these 
prototype problems are eliminated. 

The NREL system performance curve projected to 22 kW at 1,000 W/m2. This would produce 
about 45,000 kWh per year, using Barstow direct normal insolation. The shortfall was because 
there is only 95-96 kW of heat available in aperture versus 104 kW anticipated by STM. The 
optical efficiency was also low due to a too-flexible structure that allowed the facet alignment to 
change after it was set. The optical bench was stiffened with umbrella struts and set properly, 
but some flex still remains in the structure. Tests conducted on the properly set optical bench 
dish at Salt River Project showed a projected power of 23 kW at 1000 W/m2. Solar hybrid 
operation was demonstrated at 20 kW. Upgrades to cavity sealing should bring this up to 25 
kW. 

The solar thermal/gas hybrid electric power system demonstrated performance and potential 
for low cost. If the reliability of the system can be proven this will be a viable power generation 
option for utilities in the near future. 

7.3. System Production Cost Estimates 
The estimates described in this subsection were made by SAIC early in the program and do not 
reflect cost savings that Price Waterhouse Coopers Securities, LLC, Black & Veach, and MITI 
may have analyzed. Their installed costs and financing assumptions would be lower than those 
reported here. In 1995, an analysis was made of the actual costs of fabrication for the Phase 1 
dish. This was combined with estimates for the Phase 2 dish design to produce two updated 
cost estimates for volume production in 1996. In 1997, the actual materials costs for the first 
Phase 2 dishes were used to update the cost estimates once again, leading to a final estimate in 
December 1997. Finally, cost estimates were updated for marketing opportunities that arose in 
1998. Appendix M contains the December 1997 cost estimate and an estimate for the 40 and 68 
units generated in May 1998. 
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The December 1997 cost estimate resulted in the system production costs, including fabrication, 
materials, installation, engineering, site costs, overhead, and capital equipment for facet 
production (Table 13). 

Table 13. December 1997 Cost Estimate 

Production Scenario Installed System Cost 

Selling Price with Overhead, 
Engineering, Marketing, Profit, 

Capital Equipment, etc. 
Single System $293,292 $847,878 
First Batch of 5 Systems $279,628 $599,808 
Following Batches of 5 Systems $275,074 $547,785 
50-System build $203,431 $300,088 
150 Systems per year $94,362 $157,377 
500 Systems per year $74,599 $107,860 

A cost estimate made in May 1998 was based on 40-unit and 68-unit one-time builds, and had 
updated costs for the PCS and other components. Table 14 provides the results of this study for 
installed systems. 

Table 14. Study Results 

Production Scenario Installed System Cost 
40 Systems $351,493 ea 

68 Systems $314,555 ea 

7.4. Systems Sales to Utilities 
As part of the Phase 2 effort, SAIC had negotiated the sale or placement of five dish/Stirling 
systems. Arizona Public Service Company became a team member and equity investor in the 
SAIC dish technology. APS agreed to test dish/Stirling systems for up to two years at their 
STAR facility. Salt River Project agreed to be the first utility customer for an as-yet unproven 
product. SAIC agreed to sell two systems to Enova/Houston Industries for $350,000 each. 
However, the desire to limit liability if they failed to operate caused SAIC to reconsider this sale 
to a utility that wanted to see generated power. Therefore, SAIC opted not to sign the final 
contract. 

7.5. Business Plans for 2MW Fields 
Portfolio standard in the southwestern United States threatened to mandate utilities to buy 
solar power. The state of New Mexico Public Utilities Commission ordered PNM to procure 
5MW of solar power in order to be allowed to construct a 125MW natural gas fired power plant 
close to the city of Albuquerque. SAIC wrote a proposal to provide all 5MW at an avoided cost 
of $0.29/kWh. This was based on a 20-year power purchase agreement by PNM. At a system 
cost of $8.00/W and a DOE subsidy of $4.00/W and a 7.5 percent loan for 80 percent of the 
installed cost, the plant would service the debt, returning 18 percent to the equity investors 
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before O&M costs. O&M costs were expected to be less than $0.05/kWh, the point at which all 
profit would be reinvested to keep the systems running. 

In April 1998, SAIC and Applied Power Corporation (APC) were announced by PNM as the 
successful bidders. They decided to split the award so that SAIC would supply 2MW of 
Dish/Stirling systems (approximately 80, 25-kW systems) and APC would supply 3MW of 
photovoltaic systems. After the award, several large power consumers in the state of New 
Mexico formed the New Mexico Energy Industry Action Committee and succeeded in having 
the PUC ruling set aside. Efforts to revive the project persisted until mid-1999, but deregulation 
made the mandate very unpopular with electricity consumers, so it will not happen. The SAIC 
team put a lot of management effort into proposal writing and negotiations but ended up 
empty-handed. 

7.6. Joint Venture Company Development and SAIC/STM License Agreement 
At the beginning of Phase 2, SAIC was allied with a company that was prepared to incorporate 
and form a joint venture corporation. This arrangement did not work out, so that corporation 
was never formed as planned. Towards the end of the Phase 2 program, a licensing agreement 
was signed with STM Corp. giving them rights to produce dish systems and to market 
dish/Stirling systems. SAIC retained the right to develop the technology with both government 
and private funds. SAIC intends to continue as an optical concentrator developer. 

7.7. Reliability Growth Market Path 
DOE restructured their participation in the Dish/Stirling program to help industry improve the 
reliability of systems by a design-test-redesign process. Dish/Stirling systems are machines, just 
like automobiles. They must be tested and improved through several cycles in order to become 
ready for people to rely on them for critical power needs with minimum interruptions and 
outages. They will eventually be reliable at the levels of modern day automobiles, but need 
significant development to fulfill this promise. 

SAIC’s approach is to continue development of the dish system for dish/Stirling and other 
potential markets. Near-term demonstration projects will be pursued as they become available 
in order to field-test and further develop the system. Development of the dish will concentrate 
on improving reliability, reducing installation and maintenance costs, and improving 
performance for Stirling receivers. The potential for use of the dish with other receiver systems 
will be pursued in order to widen the potential markets for the dish system. 

STM is committed to continued development of the Stirling engine for solar and other 
applications. As mentioned in a previous section, STM acquired a license for the SAIC dish 
technology, and plans to pursue marketing of dish/Stirling systems itself in parallel with 
continued joint marketing with SAIC. Development of Stirling engines for other applications 
provides a means of stimulating production and development of the engines and will be 
pursued as well. 
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8.0 Appendices 

Appendix A: Drive Specification for Dish/Stirling and Heliostat Systems 

Appendix B: Dish Control System Requirements Definition Document 

Appendix C: Dish System Specification Document 

Appendix D: Incident Summaries for the Phase 2 Dish/Stirling Systems 

Appendix E: Engineering Change Summaries for the Dish/Stirling Systems 

Appendix F: Cumulative Performance of the APS West Dish/Stirling System 

Appendix G: Month-by-Month Performance Summaries for the APS West 
Dish/Stirling System 

Appendix H: Single-Day Performance Summary for the APS West Dish/Stirling 
System 

Appendix I: Cumulative Performance of the APS East Dish/Stirling System 

Appendix J: Month-by-Month Performance Summaries for the APS East 
Dish/Stirling System 

Appendix K: October 1999 Monthly Performance Summary for the SRP 
Dish/Stirling System 

Appendix L: Weather Data from APS Dish/Stirling Network Interface 

Appendix M: Dish/Stirling System Production Cost Estimates 
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