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FOREWORD

This final report documents the technical studies conducted by Ford Aerospace
& Communications Corporation, Aeronutronic Division under Contract 955115 to
the California Institute of Techmology Jet Propulsion Laboratory (JPL) in
Pasadena, California. The JPL Technical Manager was Mr. J. R. Womack.

This is a three volume report prepared by the Aeronutornic Division. Subcon-
tractors were the WDL Division of Ford Aerospace & Communications Corporation,
Palo Alto, California; United Stirling of Sweden (USS), Malmo, Sweden; Sund-
strand Energy Svstems, Rockford, Illinois.

The WDL Division was responsible for the concentrator and electrical subsystems.
USS provided informationm on Stirling engines, and Sundstrand supplied infor-
mation on organic Rankine-Cycle Engines. Additional supporting information

was provided by Garrett AiResearch Manufacturing Company, Phoenix, Arizona
(closed-cycle Brayton engines); Solar Turbines International, San Diego,
California (open-cycle Brayton engines); and Williams Research, Walled Lake,
Michigan (open-cycle Brayton emgines). Also, the following divisions of the
Ford Motor Company provided expertise: Glass Division, Scientific Research
Laboratory, and the Manufacturing Planning Group.

The key personnel for the studies documented in this final report are listed
below:

e Aeronutronic Division, Ford Aerospace & Communications

Corporation

N. L. Cowden - Program Manager

R. L. Pons - Technical Manager and Systems Analysis
T. B. Clark - Optics and Assistant Technical Manager
D. B. Osborn - Thermodynamics

E. D. Avetta - Design

D. C, Jackson - Structures

® WDL Division, Ford Aerospace & Communications Corporation

H. J. Sund -~ Subcontract Manager
I. E. Lewis - Concentrator Subsystem

J. L. Knorpp - Electrical Subsystem

e United Stirling (USS)

W. Percival - Consultant to Aeronutronic and Marketing
Representative of USS

Y. Haland - Program Manager for Solar/Stirling
Applications



e Sundstrand

M. Santucci -~ Principal Investigator, Organic Rankine
Engine

8 Garrett

L. Six - Principal Investigator, Closed-Cycle Brayton
Engine

o Solar Turbines International

M. Gramlich

» Williams Research

R. Mandel

e Ford Motor Company Manufacturing Planning Group

W. Nagle

. Clark was the editor of these reports.
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SECTION 1

INTRODUCTION

This report presents the results of a ten month study carried out by the
Aeronutronic Division of Ford Aerospace & Communications Corporation (FACC)
for the Jet Propulsion Laboratory (JPL) under Contract No., 9551153, Small
Community Power System, Phase I, Engineering Experiment No. 1. Study results
encompass an evaluation of the technical and economic feasibility of a solar
electric power plant for a small community, together with the selection of
specific system designs for further development and demonstration.

All of the systems investigated are defined as point-focusing, distributed
receiver (PFDR) concepts, with energy conversion at the collector (JPL cate=-
gory C). An artist's concept of the preferred system is shown in the Front-
ispiece; it is comprised of multiple parabolic dish concentrators employing
Stirling-cycle engines for power conversion, The engine, AC generator,
cavity receiver, and integral sodium pool boiler/heat transport system are
combined in a single package and mounted at the focus of each concentrator,
The output of each concentrator is collected by a conventional electrical
distribution system which permits either grid-connected or stand-alone oper=
ation, depending on the choice of storage system selected,

1.1 STUDY OBJECTIVES/REQUIREMENTS

The basic objective of this Phase I study is to identify and evaluate optimum
small community solar electric power system(s) ~= for further engineering
development and demonstration testing.

Study requirements include specific tasks, specific development schedules,
and criteria for selecting preferred system concepts. The two tasks reported
under this contract are:

TASK 1 - Development of Preferred System Concepts.

e Perform the design and optimization analyses required to select
preferred Category C concepts for three different plant start-up
times (defined below). Nominal system rated power is 1,0 MWe with
an annualized capacity factor (ACF) of 0.4,

¢ Review the development status of each major subsystem and identify
the R&D effort necessary to bring them to maturity.

e Provide descriptions of the systems for each start-up time,
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TASK 2 - Sensitivity Analysis,

e Analyze the effect of different plant rated power and annualized
capacity factor on cost and performance, In addition to the above
nominal values, consider rated power of 0.5 and 10,0 MWe and ACF
of 0.7 and the value for zero storage.

Figure 1=-1 is a detailed breakdown of the various time-phased tasks carried
out on the program, All program objectives and requirements have been met
during the contract period and are documented in this report. The plant
start-up times specified for Task 1 are 3%, 4% and 6% years, beginning with
the initiation of Phase I. The relationship between the various phases for
each start-up time is shown in Figure 1-2., We have adjusted the relative
periods of Phases II and III to reflect realistic schedules and lead times
and an additional two months has been added between Phases I and II.

The specified system selection criteria, in order of decreasing importance,
are (1) High operational reliability, (2) Minimum risk of failure, (3) Com=
mercialization potential, and (4) Low program cost. Table 1.1 gives a fur-
ther breakdown of the selection criteria. Within a given system concept,
minimum life cycle energy cost, for a 30-year plant life, is the specified
basis for choosing an optimum design.

1.2 METHOD OF APPROACH

The criteria identified in Table 1.1 represent an approximate balance between
near~term considerations, ¢.e. Phase III)and far-term, (i.e. ca. 1990) capa-
bility. For the near-term demonstration, a reliable low-risk, low-cost
concept is desired, For the far term, the concept must offer high operation-
al reliability and be capable of producing electricity at a cost competitive
with conventional energy sources, for example, fossil and nuclear systems.

To achieve this balance between near- and far-term capabilities, we have for-
mulated an approcach with the following key elements:

(1) Overall system selection is based on the criterion of best
potential performance for least development cost, Performance
is measured by levelized busbar energy cost (BBEC) and development
cost includes all effort (Phase III and beyond) which is required
to achieve the far term potential.

(2) Emphasis is placed on using state-of-the~art components and
technology particularly where such technology has high cost
impact for the near-term development/demonstration effort.

(3) Concentrate on critical, high-risk components by applying more
in-depth analysis than is customary for conceptual design phase
studies,

We have implemented the first element of the approach by selecting a high-
efficiency heat engine (Stirling). This results in lowest concentrator cost;
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TABLE 1.1. SYSTEM SELECTION CRITERIA

HIGH OPERATIONAL RELIABILITY

® Concept should lead to a SPS with ultimate reliability of a commercial
power plant.

9 Consider erhancement of reliability through redundancy associated
with modular design (capability for incremental power operation at
constant efficiency).

8 Also applies to Engineering Experiment No. 1 (EE No. 1 must operate
reliably for at least two years after start-up).

MINIMUM RISK OF FAILURE .-~

-

o

@ Concept suksystems developable within allotted Phase II schedule.

@ Minimum risk of failure in bringing SPS on line at the selected
start=up time.

@ C(Consider concepts with available hardware of proven performance
(minimize new hardware development within Phase II).

COMMERCIALIZATION POTENTIAL

@ Concept should lead to eventual concept likely to achieve commercial
success in late 1980s (Low capital costs and low energy costs for
mass-produced plants).

¢ Compatibility with small community and utility applications
requirements.

8 Adaptable to applications other than utilities, for example stand-
alone (Modularity of design should be a primary consideration).

® Simple plant operation, minimum operations/maintenance costs
(Remote operation, if possible).

1OW_PROGRAM COST

4 Minimize total cost of Phase II and Phase III.

@ (Consider concepts with available hardware of proven performance
(minimize development costs associated with Phase II).

8 Minimize capital investment for actual hardware for EE No. 1.
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together with_a projected low production cost, the Stirling-based system
shows lowest BBEC when compared with alternate systems, for example using
either Brayton or Rankine cycle engines. In addition, the Stirling-based
system benefits by the fact that the engine has been under separate develop~
ment for nearly ten vears and is close to volume production. Phase II/III
engine costs are also lowest of the group and the Stirling system clearly
meets the criterion of highest performance for least development cost.

The second element of the approach has been implemented by selecting state=
of-the-art concentrator and electrical subsystems, The concentrator is the
largest single cost item and it was decided to base its design on fully~-
established microwave antenna technology while reducing cost through redesign
for mass productiomn, All electrical components ~-- for example the AC genera-
tors, the electrical transport/distribution network and the central control
subsystem =- are available state-of-the~art components.

A storage system is required to achieve the specified nominal value of ACF
of 0.4, For the near=-term effort, a conventional lead-acid system has been
selected as the storage device although its far-term potential is poor. A
number of alternate storage devices are applicable, including advanced bat-
teries and flywheels; they have high far-term potential and are currently
under development on other DOE~supported programs. However, since it is not
clear at this time which of these devices will be the most cost effective,
the lead-acid battery is selected, with provision for adding an advanced
storage device in the future,

A related issue deals with the need for high values of ACF and the concomi=
tant need for storage. There appears to be no clear~cut way to establish a
quantitative evaluation of the merits of high ACF, that is greater than 0.4,
for a grid-corinected system, This is an important point, since the energy
cost of this type of system will always be higher with storage than without
it, From discussions with several large utilities, we conclude that the most
cost effective approach is to initially develop these solar electric power
plants without storage in order to displace the use of fossil fuel during
daylight hours; storage systems -- particularly the external type favored by
the PFDR, Category C concept == could be added as they are developed and
their cost is reduced. For the stand-alone case hybrid operation with a variety
of fossil fuels, for example employing a combustion~heated receiver, would
provide for 24<hour operation,

The Stirling Engine is not generally regarded as mature a technology as is
the various Brayton and Rankine cycle engines. However, detailed examination
of heat engines suitable for solar use in the sizes of interest to the PFDR
application shows that all candidates require some development effort. None
of the candidates can be considered off-the-shelf hardware, The outstanding
performance of the Stirling engine thus tips the scale in its favor. An
additional factor is engine availability for the different development
schedules. The Stirling engine is the only one which could be obtained for
all three plant start-up times.



The third element of the approach deals with the critical component == the
receiver. An in-depth transient thermodynamic analysis of the integrated
receiver/boiler/thermal transport loop was conducted to determine system
stability and fully identify system response to sudden changes in solar inso-
lation. Comprehensive cyclic thermostructural analyses were carried out,
together with safety analyses for a variety of different failure modes,.
Detailed performance maps of the engine were obtained and incorporated in a
computer simulation (in 15-minute intervals) of system performance during
one full year of operation at Barstow, California.

1.3 REPORT ORGANIZATION

Sections of this final technical report for the Phase I effort are organized
to respond to the study objectives stated in Paragraph 1.1, Section 2 pro-
vides a summary of the baseline system, Section 3 contains the preferred
syster concepts (i.e. Task 1 study results), 7The sensitivity analysis

(Task 2 results) is presented in Section 4 and finally Section 5 is a program
summary, including cost estimates for subsequent phases,

Some of the important technical data generated on the program -- too volumine
ous to be included in the main report =- has been included in two volumes

of Appendices. These are listed below.

APPENDIX TITLE VOLUME
A Concentrator Subsystem Selection and
Definition
B Electrical Subsystem Selection and
Definition
2
C Development History of the USS

Stirling Engine

D Organic Rankine Cycle Engine for
SPS Application

E Stirling Engine Control Analysis
F Brayton Cycle Performance Models
G Determination of Station~Keeping
Power 3
H Life Cycle Cost Equations
I Reliability Predictions for the SPS
J Study of Recelver Insulation
Materials
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APPENDIX

K

TITLE

Buffer Storage Materials and
Comparison

Transient Thermal Model for the
Receiver/Transport Subsystem

Shadowing Analysis for Parabolic
Concentrator Fields

Study of Sodium for High Tempera-
ture Applications

VOLUME



SECTION 2

SUMMARY OF BASELINE SYSTE!

For SPS Engineering Experiment No, 1, FACC has selected a system which is
comprised of multiple parabolic dish concentrators employing Stirling-cycle
engines with direct-coupled AC generators for power conversion at the focal
point of each concentratocr. Each collector assembly, or module, includes

the parabolic concentrator and a cavity receiver with an integral sodium pool
boiler; the collector also houses the sodium thermal transport hardware and
the engine/generator assembly. The vaporized sodium is transported by nat-
ural convection to the heater head of the engine, with condensate return to
the boiler by gravity. A number of these collectors are grouped together to
supply the required system electrical output (nominally 1 MWe).

The parabolic concentrator is a unique front-braced design® configured for
mass production/installation techniques; it promises te reduce significantly
the cost of the concentrator. Lead-acid batteries have been selected for
energy storage for the demonstration phase of the program; the ca, 1990 oper-
ational system would employ either advanced batteries or composite flywheels.

The FACC baseline Stirling emgine system is clearly superior to all competing
approaches using the JPL-supplied evaluation criteria, and, based on the
Phase I studies and analyses, can be carried forward into Phases II and III
with high confidence of program success, - —_

Key features of the FACC baseline P-75 system** are:
(1) High Commercialization Potential
® With State-of-the-Art Concentrator: Levelized Bus Bar Energy Cost

(BBEC) = 53.5 mills/kWh (without storage)
BBEC = 77.6 mills/kWh (witih storage)

© With Advanced Concentrator ($60/m2):
BBEC = 38 mills/kWh (without storage)

(2) No Basic Module Development is Required Beyond Phase III
® USS P-75 Stirling engine will be in production by 1982 (pre-

production engines available before 1982 for use in Phase II
of the program)

*Patent applied for.

**The P=-75 Stirling system is FACC's recommended concept for 4% and 6% year
plaqt.start-up times; the P-40 system is the recommended 3% year concept.
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e High engine thermal efficiency

e Baseline System is compatible with current DOE advanced energy
storage development programs

e High overall system efficiency
(3) FACC Baseline System Allows Flexibility in Siting and Operation
o The basic module is site invariant
e System is easily adaptible to different storage concepts
o System can operate in grid~-connected or stand-alone modes

e Module design permits high packing fraction with low energy
loss

e Minimum site preparation required

(4) No Technical Breakthroughs are Required to Translate Concept to
Real Hardware

e All technologies have been demonstrated

¢ All materials are available and are non=-critical
(5) FACC Baseline System is a Simple, Reliable Design

o Module concept insures high system availability

o Design has limited amount of plumbing

A brief description of the FACC baseline system together with a summary of
overall system performance is given in the following paragraphs.

2,1 SYSTEM DESCRIPTION

A field layout sketch of the 18 module, baseline P-75 engine system (without
storage) is shown in Figure 2-1, For the 6 x 3 matrix shown, a 25 percent
packing fraction (concentrator area to land area) is achieved without loss
of energy due to blockage; the resulting land area is 4.85 acres. If re-
quired, the packing fraction can be increased to 50 percent with only a six
percent loss in energy. The system would then occupy only about 2,4 acres,
Figure 2-2 demonstrates the concept's siting flexibility by making use of
very irregular terrain to locate the modules, The glight amount of addi-
tional electrical losses in the longer lines which connect the collectors in
irregular terrain can be compensated for by using larger wires. This will
result in only a small cost increase,



FIGURE 2-1. FIELD LAYOUT FOR BASELINE DISH - STIRLING SYSTEM



SYSTEM LAYOUT FOR HILLY TERRAIN

FIGURE 2-2,



The collector subsystem consists of the concentrator and the cavity receiver,
An artist's sketch of the concentrator is shown in Figure 2-3. Key param-
eters of the concentrator are as follows:

e It is an 18.6 meter diameter (1l1.2 meters for P-40 design)
paraboloid with front-braced steel structure,

® An attached tripod supports the receiver/power conversion
equipment (power module) including the Stirling engine.

e The concentrator is supported by a 3-leg elevatione-over-azimuth
(AZ-EL) type mount.

e Rim angle is 65 degrees.

e Ceometric concentration ratio of the concentrator/receiver is
1950:1.

¢ The reflector surface is composed of back-surfaced, high-reflac-
tivity (95 percent) draw=-fusion glass mirror segments,

e Mirror segments are pressed (or sagged) while heated to form the
required 2-dimensicnal shape, and bonded to structural sandwich
panels composed of galvanized steel surface sheets and an interior
filled with a stabilized structural foam,

e Major concentrator errors (one sigma) are 2,62 mrad (0.15 deg.) in
reflector surface slope and 1,75 mrad (0,10 deg,) in pointing.

® Sun tracking is accomplished by open-loop programmed tracking (from
central microprocessor) combined with sun sensors for fine adjustment.

e Total concentrator cost in mass production including shipp%ng, field
installation/check-out and maintenance equipment is $134/m”. The
equivalent cost of the 11.2 meter P-~40 configuration is $107/m2.

A sketch of the receiver/thermal transport equipment and power conversion
hardware (power module) is shown in Figure 2-4, The key parameters for the
cavity receiver are as follows:

e Design consists of concentric cylinders fabricated of Type 316
stainless steel with sodium filling the annulus.

o The receiver is designed for a 15 year life, optimized for lowest
life cycle energy cost.

e The maximum operating temperature is 830°C and the cavity area to
aperture area ratio is 13.5, which achieves an effective solar
absorptivity (QEFF) and effective emissivity (GEFF) equal to 0,987,
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System physical characteristics are:

P-75 design P=40 design
Overall Diameter, meter (m) 1.06 0.72
Aperture Diameter, (m) 0.422 0. 254
Weight, kg (incl. sodium) 310 201

A remotely actuated, totally enclosed '"plug' valve is located in the
vapor pipe to shut off vapor flow to the engine during nighttime
and periods of inclement weather,

The receiver operates without pumps in any required solar attitude;

energy is transported via sodium vapor to the engine heater head by

natural convection and the liquid sodium is returned to the receiver
by gravity. :

A well-insulated electric motore-driven cover (door) is placed in the
receiver aperture at night and during long periods of cloud cover to
minimize radiation/convection losses from the receiver cavity.

In mass production the P-75 receiver/thermal transport subsystem
cost is projected at about $2400/unit and the P-40 design is pro=
jected at about $1800/unit,

The power conversion subsystem consists of the Stirling engine and the
direct-coupled AC generator (see sketch in Figure 2-4), Key parameters of
these elements are:

The baseline Stirling engine is the USS P-75 engine operating at a
rated shaft power of 63,4 kW at 1800 rpm and about 115 atmospheres
mean pressure level using helium as the working fluid. (Unit is

rated at 800 W/m? solar insolation om a 44.6°C. day.

The P=75 engine has a maximum power developed of 79.3 kW. (Unite
operating at 1000 W/m? solar insolation and 150 atmospheres mean
pressure level in the engine.)

The maximum heater head temperature is 800°c.

The projected engine life is 75,000 hours which is equivalent to
about 27 years at an Aunualized Capacity Factor (ACF) of 0.4,

The P=40 engine is essentially a scale-down version of the P-75;
rated shaft power at 1800 rpm is 21,9 kW and maximum power is
27. 3 kw.

The P-75 engine cost in mass production is estimated at $2500 and
the P-40 cost estimate is $1800,
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The generator for the P-75 system is a direct-coupled, 75 kW, 480V,
3-phase, 60 Hz synchronous AC machine operating at 1800 rpm; mass-
production cost with voltage regulator is $2690, The generator for

the P=40 system is a 30 kW unit; its cost with voltage regulator is
§1290,

The energy transport and distribution subsystem has the following key
parameters:

The power cables are single~conductor stranded aluminum, typically
No. 4/0 and 250 MCM sized, with 480 volt RHW-USE 600V insulation,

Direct burial of conductors.

A high voltage, 1250kVA/1000 kW commercial transformer, switchboard,
instrumentation and protective devices are provided to interface the
system with the utility grid.

An electrical system block diagram for the baseline 1 MWe power
plant is shown in Figure 2«5 for a system with battery storage. Key
component parameters are shown in the figure,

Key parameters of the central microprocessor based digital control subsystem

ares

Microprocessor typical of Cromemco CS«3 computer with 64 K memory
will be used.

System will use two 8=inch floppy discs and a S-100 bus system for
interface with other components,

Control subsystem concept will provide accurate power flow control,
station diagnostics and comprehensive data logging.

The far-term battery storage system would employ advanced batteries (sodium/
sulfur or other type). However, these will not be available for Phases II
and III, so conventional lead=acid cells were selected, The lead-acid bat-
tery system has the following key parameters:

Batteries are grouped in 180 cell strings at a float voltage of
2,25 V/cell.

Conditioning equipment includes SCR phase-control rectifiers and
SCR 3-phase double=-bridge inverters.

2.2 SYSTEM PERFORMANCE

Operational system performance for the P-40 and P-75 Stirling power plants,
based on 5000 systems manufactured and installed per year, circa 1990, is
summarized below in Table 2. 1.

2=9
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TABLE 2.1, BASELINE SYSTEM PERFORMANCE @ 1 MWe and ACF=0.4 (with storage)

Stirling Engine USS P-40 Uss P=75
Overall System Efficiency, "svs 0.228 0.256
I (1986), ($) 1,683,200 1,406,900
Clpy, (9) 3,426,900 2,773,000
E:EC, (mills/kWh) 85, 68 70. 00
OM, (mills/kWh) 15. 60 7.58
BBEC, (mills, kWh) 101. 28 77.58

The terms in the table are defined as:

CI (1986) = Capital investment at time of plant construction,
1978 dollars.
CIPV = Present value of total capital investment, 1978 dollars.
BBECC = Levelized bus bar energy cost due to capital investment
only,
BBEC = Total levelized bus bar energy cost
oM = Levelized operating and maintenance cost

2.3 SYSTEM SELECTION

The major '"driver" in selecting the PFDR, Category C system is the choice of
a heat engine; it is the major influence on BBEC by virtue of the effect of
engine efficiency on required concentrator area and it dictates the type,
size and cost of the associated receiver and thermal transport subsystem,
The choice of a concentrator was deliberately limited to derivatives of
state~of=-the-art microwave technology as explained in paragraph 1.2, The
selection of the lowest cost design is described in detail in Appendix A,

The basis for selecting the Stirling engine over the Brayton and Rankine
cycles is developed in detail in the following sections of this report, In
sumnary, however, the Stirling engine gives much lower energy costs as well
as lower development costs. A comparison of the energy costs and the devel-
opment costs for the major system components (excluding design costs) is
shown in Table 2.2.
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TABLE 2,2, SYSTEM ENERGY COST AND B&P DEVELOPMENT
COST FOR MAJOR HARDWARE ELEMENTS(1)
(WITHOUT STORAGE)

ENGINE ca, 1990 ENERGY DEVELOPMENT COST, PH. II/III (millions of $)
COST,(Z) BBEC, P S . = S N T ==
(mills/kWh) ENGINES(S) CONCENTRATORS | ELECTRICAL | TOTAL
e e
CLOSED-CYCLE
BRAYTON 95.1 7.315 4,040 0.678 | 12.033
s = 30k0)
r
85.4
ORG. RANKINE -
P (79 @ Pg_= 3. 260 4,161 0.352 | 7.773
o.= 77.5kW) 37.2kW)
————————— e ]
E-75 STIRLING
@ = 63,40 2. 681 0.471 | 5.80

(1) Excludes design cost (Hardware Only)

(2) Based on ACF for PGE Pg

(3) Assumes one engine for Phase II and 39 engines for Brayton,
15 engines for Rankine and 18 engines for Stirling for Phase III.

* Note that the data given in Table 2.2 are consistant with a 4% year develop~-
ment schedule. For a 6% year schedule, production P-75 engines would be
available and the Phases II/III engine cost would drop from $2.65 M to

$§1.03 M; total hardware cost (excluding receivers) would then drop to
54.182 M.
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SECTION 3

TASK 1 STUDY RESULTS - DEVELOPMENT OF PREFERRED SYSTEM CONCEPTS

This section presents the results of the Task 1 Study effort. It includes
the system/subsystem/component analysis and design work, a review of the
development status of the individual subsystems and a complete definition/
characterization of the preferred systems for 3%, 4%, and 6% year start-up
times.

3.1 SYSTEM DESIGN & OPTIMIZATION ANALYSES

The baseline SPS has a nominal rated power of 1 MWe and an annualized capa-
city factor (ACF) of 0.4. The analyses presented in this subsection deal
with the performance of a far-term system, ca. 1990, which closely reflects
the actual hardware selected for each preferred 3%, 4%, and 6% system. The
major differences between these development-phase systems and the ca. 1990
version are the reductions in cost projected with mass production components
and improvement in the performance of some components, e.g., AC generator
efficiency from 0.90 to 0.94. All analyses are carried out for a grid-
connected system. However, consideration is also given to the stand-alone
case and recommendations in the area of storage are made for accommodating
this case.

The system analysis logic used to optimize the SPS throughout the design
process is presented in Figure 3-1l. The performance and cost trade analyses
made for each of the subsystems have been integrated into an overall
optimization analysis to determine the lowest cost system. The results of
this analysis were continually fed back to each of the subsystems for
refinement of the design until an optimum system was obtained.

3.1.1 SYSTEMS ANALYSIS/DESIGN

The following paragraphs summarize the system related analyses, which have
been carried out for the nominal 1 MWg, ACF = 0.4 concepts.

3.1.1.1 Fundamental Optical/Thermal Performance Trades. Detailed optical
analyses are required in two general areas: ‘

(1) Computation of flux distributions within the cavity
receiver for input to receiver thermo-structural analyses.

(2) Computation of flux distributions on the focal plane
for input to system analyses which seek to determine
optimum values for intercept factor, concentrator rim
angle, concentrator slope error, etc.
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The computation of flux distributions generally requires an opticg code
because the statistics of the arrors in the system and the associated
mathematical complexity preclude the use of closed-form analytical expres-
sions. The various optic codes used in the SPS desgign are discussed in
Paragraph (a) below. TFor system trade study analysss, the code results

have been used to develop simple analytic expressions; together with pre-
viously~published empirical formulas these expressions permit rapid optical=-
thermal system optimization, as described in the following paragraphs.

a. Optical Techniques. There are two recognized types of cemputer
programs used to obtain accurate flux distributions at the focal plane and
on receiver surfaces of parabolic solar concentrators (parabolic dishes).
These are the Monte Carlo 'ray trace' technique (for example, References
3-1 and 3=2), and the ''cone opties' approach (for example, References 3-3
and 3-4). An evaluation of these two aoproaches resulted in the decision
to use a version of the Cone Optics Program for determining the flux dis-
tributions for the SPS Program.

The cone optics approach has been under development by Dr. G. L. Schrenk
since the early 1960's. Unpublished results for the focal plane flux dis=
tribution and intercept factor have been obtained from Dr. Schrenk for 159
cases consisting of rim angles between 35 degrees and 60 degrees, slope
errors between 0 and 30 minutes of arc¢, and various pointing angle errors
(typical results are presented in Reference 3-«5). This information was
computed using an early, but complete, version of the program, and the out=-
put is referred to as "exact' cone optics since this represents the most
accurate results currently available. An approximate version of the cone
optics program was prepared for Aeronutronic. This proprietary program,
called OPTICSFORD1 is available through Dr. Schrenk on time share. It

is similar in many respects to the "exact" code except for the important
difference that the concentrator surface errors (that is, the mirror slope
errors) are approximated by specifying a larger sun angle than normal. By
doing this, the time-consuming statistics analysis is avoided, thus saving
a factor of 10 to 15 in the running time. The code computes the flux
distribution at any arbitrary plane, including the interior of a cavity
receiver. Comparisons between the "exact'" and approximate codes are
summarized.

Systems trade studies require the use of an analytical expression for the
focal plane intercept factor, Y. This factor is the fraction of the total
incident power within a defined area. The discrete values of ¥ computed by
cone optics codes are not well suited for this purpose because it is diffie
cult to fit accurate curves through the existing computer data over the
desired range of values. However, a semi-empirical expression for the
intercept factor has been derived by Aparisi (Reference 3~6). The original
Aparisi equation for the focal plane interzept factor is



where:

Sun

cSlope

cPoint

crSpec

—

]

25 2
-g® | - §E§_7£ (E) ‘ (3-1)
2c. "~ R
b
ps}
Focal plane intercept factor = _/ I dA j. I daA
0

Focal plane area = ﬂrz, units of m?

Geometric concentration ratio = A,, A . = (R/r)2
dish aperture receiver

Solar intensity at focal plane for unity reflectivity

Radius of receiver opening (or radial coordinate at focal plane),
m

Radius of parabolic concentrator, m
Rim angle of the parabolic concentrator, degrees

Angular standard deviation of energy distribution within a
solar beam reflected from the concentrator surface

%
2 2 2 2
+ + +
(cSun 4°Slope “Point GSpec > » rad.

Angular standard deviation of the distribution of radiation across
the diameter of the sun:

With solar limb darkening = 2.176 mrad(0.1247 deg.)

Without limb darkening = 2.9046 mrad(0.1667 deg.)

Value of angular tangential and radial surface slope errors
of the reflector (one sigma), rad.

Standard deviation of the angular misaligmment of the concen=
trator with the solar vector. A value of 1.745 mrad (0.10 deg.)
is used for the baseline system.

Standard deviation of the angular departure of the reflected
beam from specularity; = 0.2 mrad (0.0286 deg.) for glass
mirrors.

Figure 3-2 presents a compzrison of Equation (3-1) and the two cone optics
results ("exact'" and approximate) for a typical case of 60 degrees rim angle
and 10 minute (2.909 mrad) slope error. The important conclusion is that
the simple Aparisi expression gives more accurate results than the approxi-
mate cone optics.
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As previously stated, the approximate code requires the use of a larger sun
angle than normal to simulate the slope errors. A variety of approximations
were used to determine the best f£it (see Reference 3-7), and the following
gave the closest results to exact cone bptics:

P —3 :
<

o3 2= -
Sun Sun ~~ Slope (3-2)

1
Where % Sun is the increased value for the solar angle used in the approximate

code to simulate the slope error.

Comparison of the original Aparisi equation was made with exact cone optics
for rim angles of 45 degrees up to 60 degrees. It was found that the com-
parison was best at 45 degrees but the error increased up to rim angles of
60 degrees. (Note that Figure 3-2 shows that unmodified Aparisi is still
better than approximate cone optics for this worst-case condition of

60 degrees rim angle.) Figure 3-3 illustrates the Aparisi/exact cone optics
comparison at rim angles of 45 degrees and 60 degrees for a geometric
concentration ratio of 2000. Since the original (urmodified) Aparisi
equation was not as accurate as desired at rim angles near 60 degrees,

a series of different modifications were investigated to determine if a
better fit could be obtained. The best results were found using the following
equations:

2 2
o
y = 1- EXP -Eﬂ__r.z(£>

R . Modified Aparisi (3=3)

2 Tps

Which is the same as Equation (3-1) except for the beam error which
becomes

8
~ = ~ _‘—E—_ < < o -
sp = ©, *0.003 <450 1) , 450598, 70 (3=4)

And Sy is the same as defined above. The term inside the brackets in
Equation (3-4) removes the modifying factor at 9, = 459. At 8 = 60° the
modified value for of is Iy + 0.001. This simple change results in the

circled points for the 60° rim angle case shown in Figure 3-3. As seen from
the figure, the results using the modified equation are accurate over the
entire range of surface errors. Additional comparisons for different con-
centration ratios are shown in Reference 3=-7.

The approximate cone optics code, OPTICSFORD1, was used to compute the
incident flux on the interior walls of a cavity receiver. However, since
it has been shown that the approximate code is subject to errors due to the
simulation of slope errors by a larger sun angle, an initial comparison was
made with a cavity analysis using the exact code results published in
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Reference 3-3. It was concluded that approximate come optics gives rea-
sonable cavity flux profiles (peak flux within 10 percent of exact cone
optics and similar flux profiles) if the surface slope errocrs were simulated
by the larger sun angle relationship given in Equation (3-2).

Flux profiles for a typical cavity receiver for Stirling engine applications
are shown in Figure 3-4. Three different cavity wall radii (r¢) were used
so that the reduction of intensity with r¢ could be evaluated. The effect
is pronounced, showing that the peak flux can be significantly reduced by
increasing the cavity radius, but of course with the disadvantage of in-
creased interior area and external size. Reduction of the peak flux is
actually of little consequence for a sodium receiver because the burnout
point is over one order of magnitude higher than the peak flux shown in
the figure. However, burnout is a much greater problem for receivers
wnich have s lower heat transfer coefficient to the working fluid (for
example, Brayton receivers using air or argon), and for these cases the
radius of the receiver is of prime importance.

In summary, the unpublished exact cone optics results serve as a basis of
comparison for Aparisi and the fast-running approximate cone optics code.

It has been shown that the Aeronutronic modification to the Aparisi equation
for intercept factor, v, is very accurate over a range of rim angles be-
tween 45 degrees and 60 degrees and is the recommended technique for com-
puting v. Cavity f£lux calculations using approximate cone optics are in
reasonable agreement with the results from the exact cone optics code.

b. Optical Trade Studies. The design of the SPS is predicated on the
results of several major trades relating to the optical and thermal char-
acteristics of the point-focusing concept. The governing equations for the
combination of a parabolic reflector and a cavity receiver are discussed
here. Equation (3-3) relates the intercept factor, v, to the reflector rim
angle, Sy, the geometrical concentration ratio, C, and the error in the
reflected beam angle, of. As discussed previously, this is the Aparisi
equation, modified gccording tolthe results of the exact come optics pro-
gram to represent more accurately the larger reflector rim angles, that is,
8.> 45 deg.

The collection efficiency for the concentrator/receiver is determined by
the equation:

4
_ lceeff(TR - Tm4) + h(Tg - Qnﬂ - Qcond (3=5)
Meorr = P%essfdpY - Li,n Aconld,n

Where the terms not previously defined are:
0 = Reflectivity of concentrator surface.

Yoggr Cofs Effective cavity absorptivity and emissivity
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K = Dust correction factor (estimated = 0.95).

d
Kb = (Concentrator structure solar shadowing/blockage factor
(%0.92 for the baseline front-braced paraboloid).
o} = Stefan-Boltzmann constant (5.67 x 10-8 W/m2-°K4).
TR = Receiver inner (cavity) surface temperature, o,
T_ = Ambient temperature, °K.
h = (Convective heat transfer coefficient for cavity aperture
(¥ 16 W/m2 = OK).
Id n = Direct solar insolation at normal incidence, W/m2.
?
= 1 = 2
ond Thermél conéuc?lon loss (Qoong /ACon = 3 W/m® for the
baseline Stirling, where An,, used as the reference area).
; = 2
ACon Concentrator aperture area, m .

Equation (3-5) is derived from an energy balance on the concentrator and
cavity receiver. Equations (3-3) and (3-5) can be combined to demonstrate:
(1) that maximum collection efficiency occurs when v < 1, as mirror quality
degrades and (2) that there is an optimum concentration ratio which varies
with concentrator rim angle, mirror quality and receiver temperature.

The influence of intercept factor is shown in Figures 3-5 and 3-6. Optimum
performance occurs when the energy lost by "spillover' (y < 1) due to
reduced cavity aperture size is compensated by reduced radiation and
convection losses. Figure 3-7 shows the effect of concentration ratio on
collection efficiency for different values of rim angle. At Oy = 65 degrees
the maximum collection efficiency for the baseline system is = 0.740 and
occurs at Copy = 1951. General expressions for Cope and NcoLy (max) can

be derived from the preceding equations and are:

o = |ser 1 (3-6)
Opt 2(0b1)2 ln B
= - u—é—rl——g - 3 -
ooz, max) <p aEfdeKb> 1 B I, (3-7)
.
, -
P KiKres %INZG’-'/ 20p) 1 La.n
Where B = ——

cepee(Tr* = TY) + (T - T)
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From Equation (3-6), the optimum concentration ratio is shown in Figure 3-8
as a funetion of Tgjgpe and receiver temperature. Note that the combination
of high concentrator quallty and high temperature results in a large value
for Copt; for a given power level (concentrator diameter), therefore, the
resultant receiver will be small resulting in less solar blockage, lower
weight (for a given generic design) and lower cost.

The governing equations also yield the influence of rim angle; as shown in
Figure 3-9, optimum rim angle occurs at values above ~50 degrees but the
influence is not a strong one for reflector slope errors of interest.
Separate design/cost analyses were carried out with the result showm in
Figure 3-10. Lowest system energy cost occurs at Sy = 65 degrees. This
result is primarily due to the reduction in weight and associated solar
blockage of the tripod structure carrying the receiver/power conversion
package compensating for the increased cost of the reflector surface.
Figure 3=11 shows the effect of reflector slope error on system energy
cost; lowest system cost occurs at 9Slope = 3.0 mrad. This trade~off

is due primarily to the influence of slope error on concentrator cost
(see Paragraph 3.1.3) but note that reduced Cg1ope results in reduced
CO £ and the receiver increases in size, thus lncreasing both its cost
and amount of solar blockage.

Trade studies made to evaluate the effect of reflectivity and specularity

of the concentrator surface on system performance demonstrated that maximum
values are optimum, consistent with the type of reflective surface used.
Draw fusion glass has been selected for the mirror, which has a reflectivity
about as high as can be achieved (95 percent) and the corresponding specu-
larity is also excellent (¥ 0.2 mrad, lo). The pointing accuracy selected
as the nominal is a compromise between the energy spill-over and the errors
in the tracking and pointing system. A lo value of 1.745 mrad (0.1 deg)

was selected for the SPS.

All of the preceding trades were carried out at the nominal receiver tempera-
ture of 830 degrees Centigrade, corresponding to an engine temperature of

800 degrees Centigrade. Figure 3~12 shows the influence of receiver tempera-
ture on hoth collection efficiency and Stirling engine efficiency; collection
efficiency is particularly sensitive to reflector slope error. The two
efficiencies can be combined into an overall system efficiency as shown in
Figure 3-13. For the baseline concentrator quality 03510 e = 2.618 mrad),
Figure 3-13 shows that Ty continues to increase with Cemperature beyond the
maximum 800 degrees Centigrade limit currently placed on the metallic heater
head. If ceramic heater heads are developed in the future, perfarmance gains
of several percentage points (over 30 percent overall system efficiency) can
thus be expected. At the nominal ogjope = 2.618 mrad, overall efficiency
(sun~to~electricity) is approximately 25 6 percent at rated power conditions
which is essentially the same value for system efficiency computed on an
annual basis at Barstow.

Figure 3-14 shows the influence of the geometric deployment of collectors
on mutual sun shading and associated system energy loss (see Appendix M).
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The calculations were made for an 18 dish ("basic module") system arranged in
a 6(N=-8) by 3(E-W) matrix with varying N-S and E-W spacings (expressed
proportional to dish diameter) between dishes. Note that at 25 percent
packing fraction (concentrator area~to-land area) there is virtually no
energy loss at the optimum spacing; even at 50 percent packing fractionm,
the loss is only six percent. At the specified $5000/acre land cost and
including cabling cost for the electrical transport subsystem, trade-off
analysis shows that lowest system cost occurs at about 25 percent packing
fraction. This requires 4.85 acres for a field of 18 dishes, each 18.6 m
in diameter. Land costs would have torise substantially, that is, to about
$30,000/acre, to justify a 50 percent packing fractionm.

Collection efficiency at rated power can be evaluated from Equation 3-7 given
in Paragraph 3.1.1.1; engine efficiency at rated power can be determined by
combining Equation 3-9 with the engine correlation equations given in pzgsxgraph
3.1.4.1 System size data for the two baseline systems without storage are
summarized in Table 3.1; performance data are computed at rated conditien.

TABLE 3.1. SYSTEM SIZE DATA (NO STORAGE)

Engine P-40 P-75
NO (Number of Basic Modules) 55 18
Neorr_ 0.740 0.740
nEr 0.373 0.393
Po . (ki) 21.9 63.4
Pg(kW) (Grid Power per Collector) 18.2 55.6
n(mz) (Concentrator Area) 99 272.5
con(m) (Concentrator Diameter) 11.2 18.6

b. System Performance (Without Storage). Program SPEEl computes system
performance in 15 minute intervals, as a function of the time-dependent ambient
temperature (T ) and solar insolation (Ig,n)s the influence of T, and Id n on
engine performance as well as on receiver performance is accounted for in the
computer programs. Receiver performance, however, is not a strong function of
these time~dependent variables, as shown in Figure 3-15. For normal days at
Barstow, I4,n is above 500 W/m? for most of the operating day and T, has a
negligible effect on collection efficiency and it is much less than receive:x
temperature (Tpr). The major time-variable effect, therefore, is on engine
performance. The major impact here, however, is associated with the specified
definition of rated power, i.e., which requires that no more than rated power
be delivered to the grid when Ig n > 800 W/m2, Program SPEEl was thus formu-~
lated to compute the following: (l) the net energy (Egp) gemerated by all
collectors which would be delivered to the grid regardless of power level,
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i.e., Pg 2 PGr; (2) the net energy EGl delivered to the grid only when the
power level is equal to or below rated power, i.e., Pg < PGr; and (3) Egg, the
difference between Eg, and EGl, which represents the "excess energy'" which can
be diverted to storage or dumped or not collected by de~focussing one or more
collectors. However, adherence to the doctrine that Pg < Pg_. is not cost-
effective in the absence of a storage system; it is obviously much better for
the grid to accept all of the energy generated by the solar plant rather than
to throw energy away.

Program SPEEl includes the station-keeping power (= 1.5 Ny + 8) in its compu-
tation of Eg,, Eg, and Eg.. Typical daily energy outputs for the P-75 base-
line system are s%own in Eigures 3-16 and 3-17; monthly energy output is shown
in Figure 3-18 and tabulated in Tables 3.2 and 3.3 for the P-75 and P-40 engine
systems, respectively. The tabular data permit ready determination of the
annualized capacity factor (ACF), as shown in Equation (3-11).

3.1.1.2 Annualized Performance. System perfcrmance calculaticns were carried
out on an annualized basis accounting for the actual temporal variatioms in
solar insolation, the actual variation in ambient temperature which influences
engine performance, and, to a lesser extent, receiver performance. Performance
based on 15 minute data tapes c¢ompiled for Barstow, California in 1976 was
determined using computer program SPEEl. The computational procedure is based
upon the system analysis logic presented in Figure 3-1 and is defined in the
following paragraphs.

a. System Size. The system is first sized at the defined rated power
conditions, i.e., on the hottest day (44.6°C) when Ig,n = 800 W/m?. (This
assures that system rated power (IMWe) will always be met for Ig,n = 800 W/m2).
The net power delivered to the grid ty a single collector, Pg, is:

Pe = MmL Por = Popa = _1__3_8_9_ , kW (3-8)
where:

P°r = Engine shaft output power at rated conditions, kW

N BL = Electrical system efficiency (ca.1990, high production rates)

including a 94% efficient generator, = 0.9065

PsTA= Station~keeping power per collector, = 1.5 + S/No,kW, (See
Appendix G)

N = Number of collectors required to deliver rated power direct
to grid (basic modules).
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TABLE 3.2 ©P-75 SYSTEM OUTPUT AT BARSTOW (1976)
(Ca. 1990 PERFORMANCE)

Month G2 %6y EGS
Mivh \ MiWh MWh
<m'0—dish / <mo-dish > <mo-dish>

January 15.766 12.694 3.073
February 12.482 10.245 2.237
March 16.148 13,131 3.017
April 17.120 14,578 2.541
May 19,161 16.917 2,244
June 22.100 18.787 3.313
July 17.274 15.541 1.732
August 21.890 18.368 3.522
September 11.814 10.648 1.166
October o 16.160 13.367 2.793
November 15.100 12.287 2,813
December 14,075 11.154 2.921
TOTALS | 2 = 199.089 L= 167.718 Z = 31.371

-~

EG = Net energy delivered to grid regardless of power level
2

EG = Net energy to grid only when power level is equal to or below
1 rated power

EG =E. -E = '"Excess" energy diverted to storage or thrown away
s . Gy G if there is no storage.
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TABLE 3.3 P-40 SYSTEM OUTPUT AT BARSTOW (1976)

(Ca. 1990 PERFORMANCE)
Eg, Eg, Eg
Honth < Mih ) < Mivh > < Mih

mo-dish mo~-dish mo-dish

January 5.088 4.105 0.982
February 4,009 3.288 0.721
March 5.192 4,211 0.981
April 5.505 4.684 0.821
May 6.167 5.422 0.745
June 7.204 6.082 1.122
July 5.580 4,992 0.588
August 7.164 5.972 1.192
September 3,789 3.408 0.381
October 5.247 4.325 0.922
November 4,898 3.986 0.912
December 4.542 3.605 0.938
TOTALS L = 64,385 = 54,079 I = 10.306
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thus:
1008/N. + 1.5

0
P0 = -
r "EL (3-9)
and
P 3
Acon _ o, X (10)
I Me TNeo1; -
d,n 'E_ leoll (3-10)
where:
A = (Concentrator aperture area, m2
con
ﬂE = Engine efficiency at rated power
r
nCollr= Collection efficiency at rated power
it Bo. - e
ACF = 0_"1 A, forP, < G (3-11)
8784% T
and _
z NO EG2 A 0
ACF = VYRR for P,z G (3-12)

Where A = effective availability of the system (2 0.99). The ACFS for the two
systems are therefore:

ACF
Case: P=40 P-75
Engine Engine
Py < e 0.335 0.340
- T
p > Fg 0.399 0.404
G < r . .

These data show that both systems demonstrate ACFs of 0.4 without storage for
Pg i P; . For the specified Pg < PGr doctrine, the amcunt of storage needed

r
to achieve 0.4 is obviously small, however the cost to achieve this is substan-
tial.

# 1976 was a leap year
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c. System Performance (With Storage). The data of Tables 3.2 and 3.3
alsc permit easy computation of ACF for any specified storage system. For
example, it is assumed that there are Ng basic modules providing direct energy
to the grid (ZEg;) with their "excess" energy (zEg ) diverted to the storage
system as previously mentioned. In addition there are Nj '"dedicated' dishes
whose entire output (ZEg,) is delivered to the storage system.¥*

Total net output of the system (delivered t» the grid), £ E, (MWh/yr) is thus:

- - - 3

) = 5 - -
ZE Ng © EGl + Ng ﬂo z EGS + nS Ty £ EG2 El(lO) (3-13)
where T'g is the end-to-end efficiency of the storage system and E; is the
additional station-keeping energy (kWh/yr) to accomodate the air conditioning
and other loads associated with the storage system., As shown in Appendix G,
El for a battery system (typical lead~acid) is

E, = cl Eg Dyr (3-14)
where
C1 = Constant (= 0.177)
T = Average daily energy delivered to the grid from the
B batteries, kWh/day
yr = Number of operating days per year
and Eﬁ can be defined as
E,=T_ [n, £ Ex + £ E ]l-(-)-3 (3-15)
B g tho * %6g TN * 56, 17
vr

Equations 3-13, 314, and 3-15 can be combined to yield

ZE=Mg (2R +Mg T B (L-Cpl+my (g2 Eg (1-cp)I  (3-16)

and o
ACF = L E &4_
8784 (3-17)

*% This is a mathematical artifice; all collectors deliver to a single bus,
from which some energy is diverted to storage and some delivered directly
to the grid
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The size (and cost) of the storage system is dictated by the highest daily
energy deliverad to the grid from storage, Ey(max)(kWh/day):

103

E, (max) < ﬂs [Ng EGS + N EG:Z] ]—3-;)- (3-18)

Inspection of Tables 3,2 and 3.3 shows that Eg(max) occurs in either June or
August, depending on the relative values of N, and N,, which are in zura
determined by ACF and the type of storage system. For ACF ~ 0.4, Ep(max)
occurs in August for both battary and flywheel systems. Table 3.4 summarizes
the performance characteristics of the P-40 and P-75 systems for both
storage system concepts.

Table 3.4 shows an advantage for the composite flywheel over the advanced
battery system in that fewer collectors are required to achieve the same ACF.
This is due to the higher value of ﬂs and the assumption that Ey = 0 for the
flywheel. As shown in subsequent paragraphs, there is an associated cost
advantage with the flywheel. However the flywheel data are projections based
on on-going studies rather than on hardware and our present conclusion is that

the flywheel and the advanced battery system have about the same performance/
cost characteristics.

TABLE 3.4 SYSTEM PERFORMANCE @ ACF ~ 0.4 (WITH STORAGE)

P-40 Engine P-75 Engine

Battery Flywheel Battery Flywheel
Parameter (Mg = 0.775) { (Mg = 0.82)
No | 55 18
Ny 5 2 1 0
ACF 0.399 0.400 0.395 0.392
Ef, (max
(gWh/éay) 2534 2184 2132 1677
Z E
(MWh/yx) 3505 3514 3470 3443
P(STA), ‘
(kW) 134.5 93.5 74.3 35
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d. Alternate Engine Comparison. The annualized performance of systems
employing the alternate Brayton and Organic Rankine power plants as described
in Paragraph 3.1.4.3 was also determined using the previously discussed
methodology. The data for EGy> EGl and Eg, for these systems are given in
Tables 3.6, 3.7 and 3.8. A summary comparison of the performance of the
various systems (without storage) is given below in Table 3.5.

TABLE 3.5 COMPARATIVE SYSTEM PERFORMANCE (NO STORAGE)

Brayton Rankine¥* Stirling
Parameter Closed Open P=40 P-75
P, 30.2 30.2 77.5 21.9 63.4

r

No 39 39 15 55 18
, 2
Ao (@) 207.8 185.4 450, 99, 272.5
Dcon(m) 16.3 15.4 23.9 11.2 18.6
Noa, (m?) 8104 7231 6750 5445 4905
ﬂEr 0.251 0.281 0.250 0.373 0.393
T]com.r 0,723 0.723 0.793 0.740 0.740
N Systen 0.160 0.145 0.193 0.228 0.256
(Annualized) : * * * *
ACF (P < Pg_) 0.346 0.309 0.347 0.335 0.340
ACF (B¢ 3 Pg_) 0.416 0.336 0.418 0.399 0.404

Note the low value of ACF {annualized capacity factor) for the open=-cycle
Brayton; this is due primarily to the poor part-load efficiemcy of this power
plant when Turbine Inlet Temperature (TIT) control is employed. Also, the
lower operating temperature for the Organic Rankine System (427°C) results in
a higher value for collection efficiency, partly compensating for the low
engine efficiency. Table 3.5 also shows that both Stirling Systems show higher
overall system efficiency than achieved with the alternate engine systems.

* Variable turbine and fan speeds
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TABLE 3.6 CLOSED CYCLE BRAYTON SYSTEM QUTPUT
AT BARSTOW (1976) (Ca.l1990 PERFORMANCE)

EG2 EGl EGS
MWh MUWh MWh

Month (Mo-Dish) (Mo-Dish) (Mo-Dish)
January J7.57 5.94 1.63
February 6.0 4,84 1.17
March 7.76 6.20 1.56
April 8.20 6.87 1.33
May 2.10 7.98 1.12
June 10.37 8.76 1.61
July 8.13 7.30 0.83
August 10,24 8.54 1.70
September 5.63 5.03 0.60
October 7.66 6.25 1.41
November 7.19 5.78 1.46
December 6,77 5.22 1.55
TOTALS 94,63 78.66 15.97

EGZ = Net energy generated to grid regardless of power level

Eg, = Net energy generated to grid only when power level is
L equal to or below rated power

Eg = EG2 - EGl = "excess" energy diverted to storage or

thrown away if there is no storage

3-30



TABLE 3.7 OPEN CYCLE BRAYTON SYSTEM OUTPUT AT
BARSTOW (1976) (Ca.1990 PERFORMANCE)

EGQ EGl EGS

( Milh ) ( ¥ Wh ) ( M ih )

Month Mo-Dish Mo-Dish Mo-Dish
January 6.21 5.46 0.75
February 4.76 4.25 0.51
March 6.04 5.38 0.66
April 6.57 5.99 0.58
May 7.18 6.77 0.41
June 8.45 7.99 0.46
July 6,45 6.22 0.23
August 8.51 8.03 0.48
September 4.47 4,22 0.25
October 6.27 5.74 0.53
November 6.01 5.38 0.63
December 5,52 4,81 0.71
TOTALS 76.44 70.24 6.20

TABLE 3.8 ORGANIC RANKINE SYSTEM OUTPUT AT
BARSTOW (1976) (Ca.1990 PERFORMANCE)

Eg, EGy Egg
MiWh MWh MWh

Month (Mo-Dish) (Mo-Dish) <Mo—Dish)
January 19.37 15.44 3.93
February 15.55 12.62 2,93
March 20.11 16.19 3.92
April 21.41 17.93 3.48
May 24,07 20.93 3.14
June 27.32 22.91 4,41
July 21.53 19.17 2.36
August 26,95 22.28 4.67
September 14.91 13,21 1.70
October 20.08 16.30 3.78
November 18.65 14,91 3.74
December 17.28 13.58 3.70
TOTALS 247.24 205.48 41.77
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3.1.1.3 Design and Cost Analvsis. The following paragraphs detail the
design/cost analyses carried out to seleet the preferrad 3.5, 4.5, and 6.5
vear systems. The basic approach, described in Sectiom 1.2, is to select

a2 concept on the basis of lowest energy cost projected for a commercialized,
ca. 1990 svstem, with suitable consideration of development cost, hardware
availability and risk associated with the three different development
schedules.

a. Generalized Engine Studv. Although there are only a few specific
engines available (or soon to be available) which are suitable for use with
Engineering Experiment No. 1, the basic question to be addressed in a
modular solar system of the type studied herein is the selection of the
optimum size of engine to be employed. A generalized systems analysis was
thus carried out using rubber engines, for instance, with varying output
power (P, ) but with the same efficiency and general performance charac-
teristics as the candidate engines summarized in Paragraph 3.1.4 For
simplification, the analysis is restricted to the zero storage case (where

>
PG 2 PGr>'

1, System Sizing., Expressions for.grid power (P.), engine rated
pover (P, ) and concentrator aperture area (A.op) were given previcusly in
Equations¥3-8, 3-9, and 3-10, respectively. Concentrator diameter, Deons
and receiver cavity aperture diameter, D., are determined by:

[;,A 0.5
con

Peon \7 | (3-19)

D
D, = ean (3-20)

Copt

where C = OQOptimum concentration ratio, defined in
opt
paragraph 3.1.1.1.

These equations provide the necessary means for determining basic component
size variations as engine rated power is varied. The size variation then
permits determination of component costs and ultimately system energy costs.

2, Governing Cost Fquations. The derivation of the applicable set
of cost equations 1s given as Appendix H. The baseline scenario postulates
that the 1 MW, power plant is constructed in two years, starting in 1986
with the following schedule* implementation:

*The schedule is shown specifically for the Stirling engine, which requires
maintenance/replacement at various times during the life of the plant.
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SCHEDULE FOR 1 MWe PLANT

YEAR FUNCTION TYPE OPERATION
1986 Build Plant Capital
1988 Start Operations
1997 (j=10) Replace Engine Heater Head(s) Maintenance
@ 25,000 hrs. (9 years.)
2003 (3j=16) Replace Receivers Capital
2006 (j=19) Replace Engine Heater Head(s) Maintenance
2015 (j=28) Replace Engine @ 75,000 hrs. Capital
(27 vrs.)
2018 End of plant first life

The j=-functions constitute exponents on some of the cost equations given in
Appendix H; 1978 is the base year, that is, all costs are in 1978 dollars.
The part of levelized busbar energy cost, due to capital investment alone,
BBEC, (mills/kWh), can be expressed for this plant as:

I
. L 7V
9.9759 (10 )<ACF ) (3-21)

Annualized capacity factor including allowance for
nonscheduled maintenance (& a 0.99)

BBECc

[}

where ACF

CIPV = Summarized present value of total capital investment in
the plant, adjusted to constant base year dollars

= 1.83477 CI(1986) + 1,21528 CI(2003) + 0,90866 CI (2015)

CI(YR) Specific year capital investment.

As shown above, capital investments are made in 1986 (original plant),

2003 (new receivers) and 2015 (new engines). The constant in Equation (3-21)
includes the specified annualized fixed charge rate, TFCR of 0.1565. The
contribution of maintenance costs* to the overall energy cost can be written
ass

MNT
M = 5.4491¢10°% (—ﬁ) (3-22)

where MNTPV = Present value of recurrent costs of maintenance

*Since the plant is unmanned and remotely operated, no operating costs are
identified,
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For the Stirling engine-based plaant, the maintenance costs are of two types:
(1) cost outlays that grow approximately uniformly over the system lifetime
and (2) cost outlays that occur at discrete times and do not exhibit uniform
growth, Category (1) accommodates the annual maintenance expenses, Myyy, for
instance, for cleaning the concentrators, annual replacement of engine seals/
rings, etc., Category (2) accommodates the expenditure of M, dollars, for
instance, for replacing engine heater heads at 25,000 hours; it is treated

in the cost analysis exactly as a capital expenditure. MNT PV is thus
expressed as: :

N = 47,274 % = 3. M =2
Total energy cost, BBEC, is thus;

BBEC = BBEC, + OM (3-24)

Equations (3-21) through (3-24) provide the basis for costing the candidate
systems,

3. Generalized Stirling Results. The individual component cost equa=-
tions (in §) are as follows:

CI(1986)

@ PReceivers = N, [1500 + 4960 D%] , (See Paragraph 3.1.2.3)

e Engines = N, [1641.8 + 0.554 P°;.77]’ (Figure 3-19)

e Concentrators N 4c [8.45 Dgon + 1021.89/Dgoq - 79.5],

(Figure 3-20)

e Electrical® (113,000 + 4000 N_], (See Appendix B)

Building = 20,000

# Land & Site Prep 5.436 NoAg (Land is 5000/acre, site prep is

500/acre and packing fraction is 25 percent)

CI(2003)

® Receivers (Same as above)

CI(2015)

e Engines (Same as above)

*Includes generators, transport and control subsystems.
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1.456

Myyy (Engine) $/yr = N_ T115 + 0.19 (P, ) 7, Figure (3-21)
r

(o)

Myyy (Concentrators) $/yr = 1202 + 104.7N_ + 0,427 Nolc,
(Curve £it to maintenance cost data given in Paragraph 3.1.3.)

1‘68], (Figure 3-21)

M, (Engine) $ = N, [1381.47 + 0.55 (P_ )
Or
The results of the analysis are shown in Figure 3-22; the lowest cost
Stirling system (=53 mills/kWh) occurs at a rated power level of 50-70
kW corresponding to concentrator diameters on the order of 18 m. The P-75
engine with Por = 63.4 kW at 1800 rpm is thus close to optimum for this
application. The P-40 engine at P, = 21.9 kW at 1800 rpm is obviously
not as good a choice. This is a refult of an increase in both the capital
investment and maintenance costs associated with many small modules,

4, Alternate Engines. Similar generalized analyses were carried out
for the alternate Brayton and organic Rankine (ORC) engines, with some
additional assumptions and simplifications (favorable to the alternates)
as follows:

® 30 year engines

#» ~30 year receivers (15 yr designs given in para. 3.1.2)
¢ TFixed engine cost/kW

e Fixed engine maintenance cost/kW.

Specific cost and parameter data used for these engines are given in
Table 3,9. Figure 3-23 shows the results of the comparative analysis.

The data clearly show that there is no justification for engines less than
approximately 30 kW, If size-variable cost/performance data had been
employed for the alternate engines, the optimum point would shift to still
higher power levels, The data also show that neither Brayton cycle engine
approaches the performance of the Stirling; the cost ratio between them is
nearly 2 to 1 and it would take a dramatic improvement in efficiency
(receiver as well as engine) to narrow the gap. The use of ceramic com-
ponents and significantly highér temperature would help considerably. A
major weakness of the Brayton system appears to be the receiver, It is
larger, heavier and more costly than either of the other two receivers =-=-
mostly due to the larger surface area needed to transfer the solar energy
to the gaseous working fluid as well as the geometry required to minimize
the direct impingement solar flux. It is recommended than an additiomal
stage of heat exchange (secondary fluid) be considered -- preferably a
liquid metal system similar to the one employed for the Stirling =-- for
analysis of any future Brayton/point focusing concepts. On the basis of
the present study, however, the Brayton cycle must be considered least
attractive,
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ANNUAL MAINTENANCE, $/YR
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TABLE 3.9 ALTERNATE ENGINE COST/PARAMETER DATA (Ca. 1990)

PARAMETER BRAYTON ORGANIC
CLOSED OPEN RANKINE
MEr 0.251 0.281 0.250%
" coLL, 0.723 0.723 0.793
"EL 0.,9065% 0.9065% 0.964
Tg? O 909 909 457
ACF (P, 2P ) 0.416 0.339 0.418%

Receiver
Cost, §

Engine Cost

($/kW)

Engine Maint.,
Cost ($/kW/YR)

6000 + 37,641 D2

183 150

1500 + 7300 Di
400

5.38

Elec. System
Cost, $

113,000 + 4000 N

75,571 + 3392 N

ale
w

Includes alternator

“% With variable speed turbine/fan
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Figure 3-23 shows the ORC engine to be a possible alternative to the
Stirling although it is nearly 40 percent more costly. Although the
Sundstrand engine design is at a higher power level than the optimum
(77.5 kW vs. 37.2 kW) the insertion of sizewvariable performance para-
meters will undoubtedly shift the optimum point to higher power. One

of the prime benefits of the ORC system is the higher collection efficiency
due to the lower receiver temperature. The receiver requires further
design effort to try to reduce its cost and complexity. The reliability
of the ORC system when compared with either the Brayton or Stirling is
also questionable; further effort is necessary to obtain better data in
this area, In summary, it is clear that the Stirling-based system has
the best potential for producing low-cost energy and the USS P-75 engine
is an excellent candidate for this application because its size is near
the optimum. WNote that for lower power levels, the USS P-40 engine also
shows better performance than is achievable with the alternate engines.

b. Baseline Stirling System at ACFX0.4. Since the concentrator
and receiver designs are the same for all three program schedules, the
major technical issues concern the selection of the engine and the means
for achieving the required ACF. The selection of an engine is basically
a question of which Stirling engine is available. From the foregoing
analysis, the P-75 engine is the obvious best choice. However, the only
engine available for the 3.5 year program is the P-40 and thus it was
chosen. The achievement of ACF = (0.4 is a more complex issue. As stated
previously, the specified definition of system rated power results in
throwing away energy in the absence of a storage system, which is not a
very cost-effective approach. Perhaps a more important point relates to
the desirability of high load factors, since it is clear that the addition
of any storage system will increase BBEU. Figure 3-24 shows BBEC versus
ACF for the P-75 system with various battery options as well as the ad-
vanced flywheel concept, From these results it is obvious that:

e Battery cycle life is a major cost driver,

o The cost of the required electrical conditioning equipment
(converter, inverter, etc.) is a major cost driver.

e The advanced (composite) flywheel is attractive, probably
because it is still mostly on paper.

o The use of storage to achieve high ACF will always increase
BBEC - even if all the storage-related equipment is free.

The amount of energy which must be stored per day also sets the discharge
time (for constant power delivery); the discharge time in turn influences
the cost of both the (lead-acid) battery and the electrical conditioning
equipment as shown in Figures 3-25 and 3-26, A lead-acid battery system
has been selected for the demonstration phase of the development program
because it's the only practical external storage system available in the
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ENERGY COST, BBEC, mills/kWh
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BATTERY COST, $/kWh
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FIGURE 3-25. STORAGE BATTERY SPECIFIC COST DATA
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ELECTRICAL EQUIPMENT COST, $/kWh
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time allotted. This permits the system concept to be fully demonstrated,

with provision for switching to advanced batteries (or flywheels) at a
later date, as these concepts are developed.

Table 3.10 summarizes the cost elements for the P-40 and P-75 systems for
achieving ACF = 0.4, All costs are ca. 1990 figures based on production/
installation of 5000 systems per year. As noted previously, the P-40
system is more expensive because of increased capital costs and mainten-
ance cost due to the substantially increased number of units. Although
the concentrator size is closer to optimum (11.2 m) the reduced concen-

trator cost is offset by increased power conversion, transport and control
system costs as shown in Table 3.10.
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TABLE 3.10 DETAILED COST BREAKDOWN FOR STIRLING SYSTEMS

(WITH STORAGE)

Subsystem

Baseline P-75 Engine, $

P-40 Engine, $

Collector

Concentrators

Receivers

Power Conversicn

Engines

Alternators
(With Volt. Reg)

Elect., Equip.
Sensors
Circuit Brkers
Contactors
Motor Starter
Lightning Prot.

Cables

Transport

Cables

Elect. Equip.
Switchboard
Transformer
Switch
Mtrs/Instr

Shipping

Field Assembly
Installation
Check/Test

737,900
692,400

45,300

129,600

47,500

51,100

26,000
(11,100)
(2,500)
(7,400)
(4,000)
(1,000)

5,000

87,800
8,900

34,000
(9,000)
(19,000)
(3,000)
(3,000)

3,400
39,700

(33,100)
(6,600)

Recurring Eng'g

1,800

738,600

629,600

109,000

243,900

108,000

77,300

55,800

2,800

169,200
23,300

34,000

7,300

102,800

1,800
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TABLE 3.10 DETAILED COST BREAKDOWN FOR STIRLING SYSTEMS (CONT.)
(WITH STORAGE)

Subsystem

Baseline P-75 Engine, $

P-40 Engine, $

Control

# Cables
o Computer

e Remote Assy.,

Storage

e Batteries

% Elect. Equip.
Converter
Inverter
Wiring
Racks
Ship
Installation
Check/Test

Other

e Control Room
e Battery Room
e Land

e Site Prep

(1986) (%)
CIpy ($)

BBEC, (mills/kWh)
TN (mills/kWk)

BBEC (mills/kWh)

55,700
31,300
9,700
14,700
355,000

114,000 (E,=2534 KWh)

21,600
7,400
9,700
4,500
317,900
95,900 (Ep=2132 kih)
222,000
(35,000)
(58,000)
(9,000)
(29,000)
(68,000)
(18,000)
(5,000)
112,000
20,000
64,000
25,600
2,500
1,406,900
2,773,000
70.00
7.58
77.58

241,000
120,800

20,000
68,500
29,400
2,900

1,683,200

3,426,900

85.68

15.60

101.28
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3.1.1.4 Design. This paragraph presents a summary of the design studies
conducted on the Power Conversion Subsystem. The major items considered in

this study include: The design and installation methods for interfacing the
Power Conversion Subsvstem with the concentrator tripod structure; and the
cavity receiver and its interface with the Stirling engine including blocking
valve, bellows, and a new design for a Stirling engine heater head. In addition
to the Stirling engine, alternate systems including the closed-cycle Brayton

and organic Rankine were studied. Design details for these alternate systems
are presented,

a. Power Conversion Subsystem Installations. The P-75 Stirling Engine
Powver Conversion System, selected as the baseline unit for the 4.5 and 6.5
year plans, is shown in position in the full collector system drawing of
Figure 3-27, and is showm in more detail in Figure 3-28. This design shows
the relationship of the engine heater head, the expansion bellows, the blocking
valve and the receiver core which are assembled into a single unit at manufac-
ture. The receiver support unit, the engine (without the heater head assembly)
and the generator with its weather cover are assembled to the frame first.

Then the sodium transport system (receiver, valve and duct, and heater head
assembly) already charged with sodium but in a cold condition, is installed in
the support unit and the heater head connected to the engine. The nichrome
heater strips and other electrical lines are connected and the insulation
sections are attached. Installation of the receiver door (1lid) and its drive
system and all remaining electrical and coolant line connections is then com-
pleted. The power conversion unit, assembled into a single replaceable module,
is then ready for installation on the concentrator or can be stored as a spare
for later use.

Installation of the module in the mounting rings of the collector is relatively
simple. The unit is lifted into position as illustrated in Figure 3-2Y, and
moved forward onto the guide rails attached to the mounting rings. The rollers
on the main frame permit free motion of the assembly forward to the correct
axial position, and the adjustment screws provided on the frame are used to
center the module radially coincident with the concentrator focal pcint. The
frame is fastened to the guide rails with shims and eight heavy duty bolts

and the electrical and coolant lines are comnected to complete the installation.
The sodium transport system is sequentially heated (from the receiver end
toward the heater head end) to a temperature sufficient to liquify the frozen
sodium and preclude burnout condition (~450°C). At that point, the blocking
valve and the receiver door are opened, and the collector may be pcecinted at

the sun to begin full systems operation. (Note that electrical heating is not
used during normal operation - except for several days of inclement weather -
because the sodium does not freeze.) The P-75 baseline power conversion system,
mounted to the guide rails with all electrical and coolant lines comnected,
door open and in full operating condition is shown in Figure 3-30.

The P-40 Stirling Engine Power Conversion System, selected for the 3.5 year
plan, is essentially a scaled-down version of the P-75 design. All of the
major elements, the receiver, the blocking valve, the expansion bellows, the
heater head and the generator are appropriately sized to conform with tha P-40
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engine performance characteristics. The system configuration, Figure 3-31,
in keeping with the replaceable module concept, possesses the same ease of
installation and removal and the same preheating and operational modes as the
P-75 Baseline System.

Major components of the power module (the receiver, the engine and the genera-
tor) are fastened to a common mounting frame. This frame for the P~-75 Base-
line System is shown in Figure 3-32, The mounting frame for the P-40 power
conversion system, shown previously in Figure 3-31, is similar in form but
scaled to accept the smaller system components. Side channels of the frame
contain the roller mounting blocks, adjustment scraw blocks and the lifting
eye assemblies. The frame is cross braced with sections of channel and with
angle iron to provide lateral stiffness and torsional resistance. Although
the engine will be mounted on automotive-type vibration isolators, the genera-
tor and the receiver support are bolted directly to the frame and enhance the
stiffness of the assembly. The open area betwesn the engine mounts permits
easy access to the underside of the engine for routine maintenance, replace-
ment of seals, and minor repairs without removing the engine or power conversion
module from the concentrator.

b. Raceiver, The configuration for the P-75 baseline receiver core is
shown in Figure 3-33 and the P-40 receiver core are shown in Figure 3-34,
This version does not contain provisions for buffer storage and is, therefore,
of a simple design which is easy to manufacture. Both designs consist of two
concentric cylinders joined at the forward end by a half-torus with concentric
half-spheres forming the inner and outer rear portion of the cylinders. A
conical vapor dome section and a lengthened cylinder have been added to provide
a greater expansion volume for the sodium vapor.

This receiver concept is rélatively easy to fabricate as compared to a multitube
system. Each tube connection of a multitube system must be welded to a manifold
section, greatly increasing the amount and complexity of the welds and the likli=-
hood of leaks. The double cylinder-sphere design employs easily accessed conti-
nuous welds between the major receiver sections (compatible with machine welding
techniques) and is, therefore, inherently more reliable than the multitube
design.

The two mounting rings surrounding the outer cylinder add structural strength
to the receiver and areiconvenient to attach points for mounting the unit to
the receiver support shown in Figure 3-35, The core is attached to the support
at seven places. One rigid connection at the rear of the core locates it
axially with respect to' the lower half of the receiver support, which in turn
is bolted to the mounting frame. Six radial flex-locators, three at the front
core attachment ring and three at the rear ring, permit the core to expand
axially through slight! flexure of the S-curved section. Radial expansion is
accommodated by slotted bolt holes in each flex-locator, with the slots pointed
toward the receiver-collector center~line. This mounting system holds the
receiver core centered within the support yet permits it to expand freely in
both the radial and axial directioms.

g
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The nose piece of the receiver insulation section, to which the door must
interface when closed, is attached to the forward ring of the support. This
nose section is rigid with an external ceramic or graphite material covering
a formed insulation base. Attachment bolts, cast into the insulation base,
attach the section to the mounting clips on the support forward ring. The
nose piece, fixed to the same forward ring as the door axle mounting brackets,
will properly register with the door as it is moved to the closed position.

The door actuating mechanism consists of an 115-230 volt ac gear-head motor
attached to a right-angle single stage reduction unit operating a chain drive.
The drive system is designed to operate in any collector elevation position,
and is sized to assure full opening or closure of the door under all environ-
mental conditions. The time required to close the door is a function of gear
reduction ratios and motor size selected to mzet operational requirements.
Door position indicators are located independently of the drive mechanism to
assure that the door is actually in the fully open or in the fully closed
condition before other operational procedures commence.

A second receiver design for the P-75 Stirling engine, containing provision

for add=-on buffer storage, is shown in Figure 3-36., This design and mounting
requirements are essentially the same as that for the baseline receiver core,
but the core is enlarged to accommodate a series of sealed tubes located intern=-
ally containing a eutectic salt. The fabrication techniques required for the
receiver shell are the same as for the baseline core; however, the fabrication
of the salt tubes is considerably more complex. Each tube must be filled with
salt during the manufacturing process, the tube purged with argon gas, and

then sealed. These tubes must be installed in the shell as it is welded
together, forming a permanent assembly. Any subsequent tube leaks would require
major and very expensive rework of the system to replace the leaking element.
The buffer storage receiver core is larger, heavier, more expensive to fabricate,
a high risk item from a reliability standpoint and, therefore very unattractive
considering that add-on buffer storage provides only a few additional minutes

of system operating time at full power,

c. Blocking Valve. During the study several blocking valve types were
considered. The first one analyzed was a shutoff "Y' valve used in the nuclear
reactor industry for liquid sodium systems. Subsequent analysis indicated
that a complete seal of the sodium vapor flow was not required and a ball or
butterfly valve with a small amount of leakage would be adequate.  The ball
valve was attractive because of the unrestricted vapor flow when in the open
position; however, manufacturing costs were high due to the difficulty in
machining the spherical ball and seat. The butterfly valve was less costly
to manufacture but the vane remained in the vapor stream when in the open
position presenting some flow restriction. The most practical configuration
is a veriation of the ball design called a plug valve, which is shown in
Figure 3-37. A cylindrical plug is substituted for the ball, eliminating the
spherical surfaces and the requirement to split the outer housing. Manufacturing
tolerances can be very loose because the small amount of sodium vapor passing
through the valve when in the closed position is insignificant. This results
in a low manufacturing cost for the body of the valve which congists of four
easily machined parts. In operation, the cylinder or plug is turned through
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90 degrees by an electromagnetic actuator located at the top of the valve.
The actuator rotor is attached to the upper end of the valve stem with the
cylinder at the lower end. The upper housing contains the rotor, the finned
housing (to freeze the sodium vapor) and the valve body; all are sealed from
the external enviromment, Thus, the moving parts of the valve are totally
enclosed within the sodium transport system, eliminating troublesome penetra-
tions through the system walls, The exact location of the freeze zone around
the valve stem and the sizing of the finned area to force freezing of the
sodium vapor at that point will be determined in detail design.

d. Bellows. The bellows seal, shown in position between the blocking
valve and the engine heater head in Figure 3-28, is designed to accommodate
differential expansion between the heater head and the receiver core. The
distance between these two major heat transport components will compress by
approximately 6 mm at full system operating temperature over ambient conditions.
This small amount of expansion between the core and the heater head will be
easily abosrbed by compression of the multi-bellows design. A preliminary
concept has been designed with a bellows manufacturer which uses a double ply
type 316 stainless steel bellows wall welded onto 316 stainless steel end rings,
sized to slip over the 76,2 mm (3.0 inch) diameter transport pipe. This design
is similar to bellows units previously fabricated by the manufacturer and will
be relatively inexpensive in large quantities.

e, Engine Heater Head Assembly. A conceptual design of the heater head,
shown in Figure 3-38, has been developed based upon the P~75 and P-40 engine
data received from United Stirling of Sweden. An array of helium filled pipes
passing from the tops of the two regenerator heads to the cylinder head is
exposed to the sodium within the enclosure top. The pipe pedestals are rigidly
fixed (brazed) to the top of the regenerator and cylinder heads but are attached
by flexible bellows to the floor plate of the enclosure. The enclosure is
doughnut shaped with an access hole in the center to permit removal of the
inner group of regenerator and cylinder head bolts. A combination argon purge,
evacuation and sodium fill valve attachment will be located on the heater head
enclosure., After initial purging and charging of the system with sodium, the
valve will be closed and welded shut,

f. Alternate Systems. During the course of the study, both Brayton and
organic Rankine Engine Systems were considered and analyzed. The Brayton sys-
tem design concept was coniigured about the Garrett Corporation model CCPS-40
closed cycle engine. Open cycle engines were also studied but the CCPS=40
engine served as the packaging/integration model. The organic Rankine system
design concept was based upon the Sundstrand Corporation Combined Rotating
Unit (CRU) and its system compcnents packaged in a long cylindrical form.

(1) Brayton System. The Brayton System design using the Garrett
Corporation CCPS=40 engine is shown in Figure 3-39. This
design employs a smaller, less efficient engine than the Stirling
P-75 or P-40 engines but requires a considerably larger and
much heavier receiver. The receiver core required for the
Brayton system is shown in Figure 3-40. The large number of
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FIGURE 3-40, RECEIVER CORE FOR BRAYTON SYSTEM



heater tubes* (108) and the large amount of welding of the
tubes, manifolds and feed pipes increase the cost of this
unit significantly over that of the P-75 or P-40 Stirling
engine receiver cores. In addition, the receiver support
structure is substantially increased in both size and
weight to hold the receiver rigidly in position at the
collector focal point. The large difference in size of
the receiver versus the engine and generator combination
requires an ''add-on' mounting frame for”the latter units,
cantilevered off the back of the receiver mounting rails
and receiver support. The end result is a very heavy
system, awkward to handle and best separated into two
sections (receiver and engine-generator) in order to be
installed or removed. An additional component, a gear
box, will be required to reduce the high speed of the
CCPS=40 output shaft to drive an 1800 rpm existing 30 kW
ac generator. The gear box could be eliminated but a high
speed ac generator would be required with a frequency
converter and controller in order to interface the system
with a 60 Hz utility grid. The Brayton system concept
shown does permit ready access to the engine or generator
for routine maintenance and the units can be removed with-
out disturbing the receiver. However, any heavy maintenance
of the receiver would require the task of removing the
entire system from the concentrator.

(2) Organic Rankine System. An organic Rankine system design was
developed around the Sundstrand Corporation unit and is
shown in Figure 3-41. This system is also larger than the
P-75 Stirling Baseline System, and slightly heavier. The
receiver core shown in Figure 3-42, although larger in physical
size, is only about 16 kg heavier than the P-75 receiver core.
However, the Rankine receiver core, involving eight interwoven
heater tubes in helix form, is not a simple design to manufac-
ture and align and would be more costly than the P-75 receiver
core. The supporting structure for the receiver is larger and
heavier and the mounting rails must be of larger cross section
te support the weight. To keep the system envelope within
reasonable limits and to eliminate additionmal structure, the
supporting frames for the Sundstrand unit and the receiver
are bolted directly to the frame channels forming ome main
frame. The entire assembly could have been moved further
back (away from the concentrator) which would permit shorter
mounting rails, support structure, and frame channels, but

* It is possible that the tube design can be replaced with a
plate-fin heat exchanger design at substantial savings in weight;
further analysis is needed to verify this design approach but

it is doubtful if the Brayton receiver could be made competitive
with the Stirling at the same power level.
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the requirement for a receiver door with its necessary clear-
ance dictated the system position within the support rings.
The rings are sized to clear the door actuating mechanism.
The rings could be made smaller but only at the expense of
additional complexity in the actuating mechanism.

Routine maintenance for the rigenerator and the combined
rotating unit is difficult because the units are enclosed
within the condenser tube structure, The condenser system
would have to be designed to permit ready access to the
components inside or the entire power conversion system
would have to be vemoved from the concentrator support
rings. This would be a very costly and time consuming
procedure,

g. Weight Statement. The Stirling Engine power conversion system is the
smallest in size and the lightest in weight; the organic Rankine system ranks
second and the Brayton System third. Weight data for all three gystems are
given in Table 3.11. All weights include receiver working fluids,

TABLE 3.1l. SYSTEM WEIGHT DATA (kz)

ORGANIC
P-40 P-75 BRAYTON RANKINE
STIRLING STIRLING SYSTEM SYSTEM
(PO = 21.9 kW) (PO = 63.4 kW) (PO = 30 kW) (PO = 77.5 kW)
r r r r
(1)
Engine 225 315 124 } 538
Generator 259 522 259
Receiver Core 80 111 325 127
Sedium Inventory 20 33 - -
Receiver Support 68 113 537 245
Blocking Valve 10 16 - -
Mount ing Frame 89 147 320 357
Insulation 52 86 720 169
Door System 39 64 _ ??;7 - ‘ 153; -
Total 22 =4 :
842 ke 1607 kg (1491 withoui
toluene)

(1) Rankine Engine-Generator System Includes:

Condenser 286
Fan/Motor 57
CRU 32
Regenerator 59
Start Pump 34
Controller 14
Miscellaneous 20
Inventory (Toluene) _36

Total 538
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h. Receiver Preparation and Filling., Commercial sodium is available and
can be purchased in brick form(l, 5, 12, 25 pound sizes) and cast solid form.
These forms are available in regular purity and argon (reactor) purity grades.
The argon (reactor) grade sodium has fewer impurities than the regular grade
and will be used in the baseline recsiver tank.

The brick forms of sodium are packed and delivered in returnable 55-gallon
steel barrels. These barrels are fitted with airtight covers to maintain a
protective nitrogen atmosphere, Cast solid sodium is available in 55-gallon
steel drums and in 5-gallon steel pails., Sodium delivered in these non-return-
able containers can be heated directly and dispensed as a liquid. Figure 3-43
shows a sodium-filling system which is currently being used at FAGC to service
experimental sodium/sulfur battery cells. This system will be utilized to fill
the baseline sodium receiver tank., The closed-filling-system illustration shown
in Figure 3-43 reduces handling costs and eliminates oxide formation during the
filling procedure. The empty 5-gallon sodium pails must be cleaned free of
sodium before disposal or other use. Reference 3-8 describes safety precautions
which pertain to container cleaning.

The corrosion data presented in the previous sections of this report indicates
the importance of minimizing the oxygen level (ppm) and oxides formed when
filling the sodium (baseline) receiver. In an effort to minimize these corro-
sion reactants the following surface cleaning treatment and filling procedure
ig recommended:

(1) Vapor degrease component parts of receiver tank prior to
welding with trichloracthlyene for 45 minutes.

(2) Abrasive cleaning of all welded joints by impinging with
aluminum oxide material (Wo. 60). This process should be
done during the assembly sequence to 3ll welds exposed to
sodium,

(3) Nitric acid (technical grade) dip of completely assembled
receiver tank.

(4) Rinse receiver in distilled water and then in ethylene
alcohol.

(5) Dry receiver in oven.

After the above steps are completed the receiver tank is ready to be filled.
To eliminate and remove oxides, the following filling procedure is recommended:

(Refer to Figure 3-43)

(1) Remove trapped air in the system - Close valve D first; then,
in the following sequence, open valves C, B, and A. This will
allow the entire system to be evacuated by the vacuum accumulator.
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(2) Fill bellows with molten sodium - Close all valves except
valve D. The volume of molten sodium flowing into the
bellows is indicated by the position indicator. When the
bellows maximum capacity is reached, valve D is closed,

(3) Remove trapped air inside receiver tank - The receiver tank
is connected to the system fill line showm in the Figure 3-43.
To evacuate the tank, valves B and C remain closed; and valve
A is opened.

(4) Fill receiver tank with molten sodium - Close Valves A and
D, cycle bellows with nitrogen gas pressure and pump molten
sodium into tank. To obtain the required sodium purity,
the sodium is pumped through a 30 micron and 10 microm filter.

After the receiver tank is filled to the correct level, the intake pipe is
capped-off; and the tank is agitated for approximately 15 minutes. During this
time, the oxide layer on the inside surface of the receiver will be removed by
the hot sodium and carried in suspension. After approximately 30 minutes, the
hot sodium and oxide impurities are removed from the receiver tank leaving an
oxide~free surface. The sodium removed from the receiver tank can be filtered
and reused. After completing steps (3) and (4) once again, the receiver tank
is filled and ready to be mated with the other components.
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3.1.1.5 Countrol/Operating Sequence. This section contains a summary of the
control and operating saquence of the baseline Stirling engine system. Addi-
tional information on the control system is contained in Paragraph 3.1.7.

a. System Control. The system will operate under the control of a mas-
ter power controller (MPC) using a microprocessor. The microprocessor will
have several functions: store ephemeris data and keep time for tracking pur-
poses; monitor sensor inputs from various components (for example, engines,
AC generators, battery subsystem, electrical output, solar insolation, and
weather data); receive status and alarm signals; and produce output signals
and controlg. The interface between the microprocessor and the Stirling
engine/alternator is shown in Figure 3-44. This block diagram only shows a
single engine/alternator unit; the interfaces are repeated for each of the
other units in the system.

The power output of a Stirling engine is controlled by varying the mean
pressure of the working gas (helium in this application)., The power control
consists of the following components:

e Helium reservoir

e Compressor

e Control valve

e Llectronic control unit

A schematic of these items is shown in Figure 3-45, When the engine power
output is to be increased, the control valve is set so that helium flows from
the reservoir into the cylinders, To reduce power, the contrel valve allows
the compressor to pump the gas back into the bottle,

This basic control scheme of valving gas in and out of the engine is used for
any Stirling engine, whether powered by combustion or solar energy; however,

a new method of implementing the engine control was developed for SPS, It was
developed so that all the available solar energy can be utilized., It is both
impractical and undesirable to try to vary the sun's input to the engine:
impractical because of the difficulty of either shuttering the solar input or
of bypassing part of the receiver heat transfer fluid, for example sodium,

and undesirable because of the reduced efficiency and power output. The base=-
line engine control technique is to '"slave'" the existing Stirling engine
power control loop to the engine head temperature; this arrangement permits
output power (torque) to follow the solar input while maintaining constant
system temperature., Head temperature control is ideal for the solar applica-
tion because of the near-isothermal characteristics of the sodium loop.
Background information and additional details on the development of the
particular control scheme employe is contained in Reference 3-9 (Appendix E).

The station is designed for unattended operation therefore, it is fully

controlled by the MPC. At the start of each day's operation, the station's
main circuit breaker will be closed, the roncentrators will be directed to
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