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ABSTRACT

This study develobs the conceptual design for a commercial-scale
(nominal 100 MWe). central receiver solar hybrid power system with
combined cycle energy conversion. A near-term, metallicAheat
pipe receiver and an advanced ceramic tube receiver hybrid system

are defined through parametric and narket potentlal analyses,

Comparative evaluations.of the cost of power generation, the fuel
displacement potential, and the teéhhological readiness 6f these
two systems indicate that the néar-térm hybrid system has better
potential for commercialization by 1990. Bésed on the assessment
~of the conceptuél design, major cost and performance improvements
are projected for the near-term'system} Constraints preventing
wide-spread use were not identified. Energy storage is not
requifed for this systém and analyses show no economic advantages

with enerqgy storage provisions,.

It is concluded that the solar hybrid system is a cost effective
alternative to convcentional gas turbines and combtned cyclo
generating plants, and has poteptial for intermediate-load market
penetration at 15 pércent annual fuel escalation rate. Due to
their flexibility, simple solar/nonsolér interfacing, and short
”startup cycles, these hybrid plants have,significaﬁt operating
advantages, Utility company comments suggest that hybrid power

systems will precede stand-alone solar plants,
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Section 1

INTRODUCTION

This report was prebared by EechteleNational, Inc. to present the
technical results of +he Combined Cycle Solar Hybrid Power System
Study Project. This project is part of the Department of

Enerqgy's Solar Central Receiver Bykrid Power System program.

The report has been organized to treat rhe work'of each technical
task in separate sections, oenerallvtfollowinq.the outline
instructions provided b§'sandia Iaporatories,‘LiVermore,
Technical~Manaoer of the_ﬁrOjecr.a A,data liSt and‘appendices are

also included. - The tasks,presented are:

) Task 2 - Market Analvsis'
o Task 3 - Parametrlc Analvs1s
o Task 4 - Selectlon of Preferred System Configquration

] Task 5 - Commerc1a1 Plant Conceptual De31qn
Cost/Performance Estlmates v

° Task 6 - Assessment of Commerc1a1 Sacle Solar Central
: Pecelver Hykrid Ppower 8vstem .

Task 1, Rev1ew and Analvs1s of Pre11m1nary Spec1flcat10ns, has
been completed. Comments resultlnq from thls revrew have alrcady

kLeen sent to DOE and are therefore not covered in this reporf



PROJECT OBRJECTIVE

The overall otijective of this project is to select and assess a

commercial-scale hykrid power system concert with the maximum

potential worth to a utility. Trlis worth is to include minimum

cost of eneray in terms of mills per kilowatt-hour and maximum

savings in capital and operating costs of displaced conventional

power generation.

TECHNICAL APPROACH

The overall technical aporoach to this study project was as

follows:

Technical requirements were established by the U.S.
Department of Enerqy, San Francisco Operations Office

Based on thece requtreﬁents, near=Lerm and advanccd
reference designs and cost estimates were prepared for a
solar hybrid concept

A market aralysis of the two'desiqns was undertaken,
based on tte utility screenlnqlload duration curve
method

“Parametrlc analvses and economlc evaluations were done
on thre hybrid systems and suhsv5tems

The near-term and advanced systems were comparatively
evaluated, based on 10u—cost enerqy .production, market
potertial, acceotable solar fractlon, and low
development risk

 From' the evaluatlon, one of the systems was selected for
conceptual design and assessment

A commercial svstem conceptual des1qn was developed and
a cost estimate was rrerared

The technical and economic aspects, and marketabilitv of
the commercial svstem were assessed
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1.2.1 Technical PRequirements

The technical réquirements for the oroject, which were spegified
by the U.S.'bepartment of Eneraqy, san Francisco Operatiohs‘Office
(DOE/SAN) , are complied in a document titled: "Solar Central

‘Receiver Hybrid Power System; Requirement Definition" (Ref 1-1).

1.2.2 The Preconcegtual Reference Solar Hybrid Power Systemé

In the solar hybrid power system concept selected for the steéy,
solar enerqy supplies a portion cf the energy requirements of a
combined evcle'power Blant; The comkined cycle technology, |
altbough already in commercial use, is open to furtherh - . ,
improvements. ‘Therefore, two levels of system conditions were
selected for study in the initiai tasks, reflecting different
'levels of technoquical~readiness. These two levels, designated
"Strawman" and "Advanced Strawman," form the preconcegtual

reference solar power systems fcr studies in Tasks 2, 3, and 4:

. Strawman. This system uses near-term technology and is
based on a metallic solar receiver and a gas turbine
that is typical of the current level of technology. The
air-cooled receiver uses metallic heat pipes to
transgort solar—-generated thermal enerqgy into the air
stream. The receiver outlet temgerature is. 816C (1500W)

and +he qas turblne inlet temperature is 1093C (ZOOOF).

= Advanced Strawman.f This svstem, representlnq a Eurther
level of tectnological advancement, is based on a '
ceramic tuke receiver and on a gas turbine that is still
under - development.' The receiver outlet temperature is
- 1093C (2000F) and the gas turbine inlet temperature is
131€C (2400F) .
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Design and per formance déta and é scﬁemafic for these systems are
rresented in Takles 1-1 and 1-2'and fiqdréé1—1. (A more detailed
liét'df'charaéterisfics‘is,cbntained in‘App¢ndix.A.)'
-Preconceptual features oflthé twe svétéms were defined‘in'ordgx

" to: | | | |

P

. Establish the base cases and ranges of variation for ‘
parametric studies

. Prepared cost estimatcs for market studies

© Calculate economic¢c gensitivity factors to be used in
parametric studies

Collector Subsystem. The collector fields of both the Strawman

and Advanced Strawman systems are elliptical. In each case the
receiver tower is offset to the scutF df the geometric center of
the field. Each heliostat-has a reflective area of 38.6 m2

V(u15 ft3). The ctrawman and Advanced Strawman systems have 5682

and 7095 heliostats, respectivelvy.

Receiver Subsystem. This suksystem consists of a tower, a solar

receiver, and riser/downcomer giring in the tower. The receivers
fof each reference system have four cavities, facing north,
south, east, and west. Air is delivered to the cavities from the
discharage of the aas turbine compressor via the riser pipe. The
air at the receiver inlet is 378C (712F) for both baseline

\

desiagns, due to the heat of>compressipn at a pressure ratio of

12:1.



TABLE 1-1

PRECONCEPTUAL DESICN DATA

.Parame ter S It; Z:v;x;in Advanc;) eeds ngtn rawman
Reflective Area per.Heliéstat, m2 38.6 38.6
Number of Heliostats® - . 5496 7071
Field Arrangement ‘|Elliptical, South Offset Tower
Receiver Type ' ~ Multicavity
Absorber Type ‘| Heat Pipe - Ceramic Tube
Height of Aperture Above Ground Level, m (ft)| 175(574) 196(643)
Riser Pipe Diameter, m (in) 1.52(60) - .1.22 (48)
Downcomer Pipe Diameter, m (in) 1.83(72) 1.83(72)
Compressor Pressure Ratib | C12:1 S 12:1
Net Power Hybrid Mode, MWe
Gas Turbine. 68.4° 64.7
} 31.6 35.3

Steam Turbine
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- TABLE  1-2 ~

PRECONCEPTUAL SYSTEM PERFORMANCE

‘ Strawman Advanced Strawman

Parameter . .

) : Design Design
Solar Receiver Outlet Temperature, °C (°F) | 816 (1500) 1093 (2000)°
Gas Turbine Inlet Temperature, °c (OF) 1093 (2000) |. 1316 (2400) -
Fossil Fuel ' _ Distillate No. 2
EPGS Thermal to Net Electric Conversioﬁ'
Efficiency, 7 ) . 43.5 47.7
Design Point Solar Capacity Fraction, 7% 56.3 71.9
Annual Avefage Daytime Solar Fraction, % 31.2 40.8
Assumed Average Nighttime Operation on .
Fossil Fuel, Hrs 2.0 2.0
Annual Average Solar Fractipn, % 26.4 1 34.5
Plant Capacity Factor, % 48.0 48.0

12.7. 16.6

Solar Capacity Factor, %

[
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The Strawman receiver desiqn @ses méféllig héétﬂpipés to transmit-
the solar heat to tbhe air~duc£s, gallédjbgneis,‘located at the
rear wall of each receiQer cavity, Hggt'is.p:ansferred to the
air which flows‘over the finned céndEhsinq'section of the heat

pives inside the receiver panels. The air flow is controlled to

achieve a uniform 816C (1500F) outlet tempe:ature'from each of
the panels at the design point: The heated air is delivered back:
to the combustor via the downcomer bipe. A pressure loss of

27.6 kPa (4 psi) is ailpWed in the receiver and a total of

27.6 kPa (4 psi) pressure loss is taken in the riser/downcomer,

The Advanced Strawman réqeiver,desiqn uses-Qerticgi'cgramic

U-tukes alonq‘the fea?rwa}l of each cavity tqlgbsord_the'solar
~radiant flux. The éir flowind inside the tuheé is heated to an
| outlet temperature of 1093@ (ZObOF).' Allowable pressure losses
are 69.0 kPa {10 gsi} for the receivgrhand 34.5 kPa (5 psi) for

the riser/downcomer piping.

Electric_Power Génération'Subsystem;~ The electric power

generation subsystem consists of the gas turbine cycle and the
steam cycle. ‘the front end. of the ‘qag turtine cycle’in-thc
compressor, whkich feedé the'air to the receiver. Aftéer the air
is heated in the'solarAfecéiQef, itSftemperapﬁre'is further
boosted in thé combustpf;fusihd fcssil Euel;.ABoth preconceptual
baseline '‘designs have the cthuétor in series ‘with the receiver.
The air with combustion productg is then expanded throﬁgh the gas
turkine-generator to produce approkimatel§ two-thirds of the

plant's electrical output.



The exhaust from the”qas tu;bine,,which still,conﬁains
significant énequ.Ais ducted  into a heat .recovery steam
qenerator'(Hde) where thisﬁresidual enerqgy is extracted from the
air. -This energy is*then used to power the steam-Rankine

tottoming cycle. .

A”simble,fsihqle-pressure,.nonréheat'steam cycle is‘usedijr both -~
preconceptual baseline designs with 10.1 MPa/s510C

(1450 psig/950F) main steam .conditions. Water is pumped from the
condenser. hotwell:through tﬁe eccéncmizer, evarorator, and
supeiheater-sections of the HRSG. The superheated steam is then
expanded ithrough- a non-extraction. steam turbine to .generate about.
one-third of the total plant outrut.: Heat is rejected from the
condenser throuagh a - wet cooling tower located ouﬁside the
beliostat field.

At the design point (equinox noon), the solar heat input is 56.3
percent for the Strawman desiqh énd 71.9 percent for the Advanced
Strawman desiqgn.. These values,feflect +he ratios of the
temperature rise in the solar receiver compared to the tétal
temperature rise. from tte comrressor outlet to the turkine inlet.
The high eneray conversionvefficiepcies of 43.5 percent and 47.7
percent, net, for:thenstrawman;aﬂd Adyanced~sfrawman,
respectiveiv, a:e~indic§tivefcf.the adQéntaqes of comkined cycle
plants. A U8 percent capacity factor-wés used to represent

conventional combined cvcle vlants in intermediate-load service.



However, the plants can be operated up to 24 hours a day at tte

rated output of 100 MWe net.

Enerqy_Storagg; The reference systems do not have enerqy storage

provisions, since tﬁe gas turbines can respond rapidly toc lcad
changes and this obviatés the need fcr tuffer storage. In

addition, according to preliminary estimates, long-term energy
storaqe.is,bat'hest, marginally economic. Further evaluations

during the project confirmed these initial findings.

Modified St:aymén. As the preliminary system selection procéss
proqreéséd; it became apparent that certain technical and
economic advantages ¢ould be gained ky modifying the referencg
Strawman. system. These modificaticns included reduced receiver
’aﬁd rise/downcomer pressure drogs, a dual-pressure heat recovery
steam qenerator,’an increased receiver outlet temperaturé, and_A
larger heliostats. A modified Strawman system incorpcrating the
firsﬁ th of these modificatiqns was used as the basis of the

market analysis work and in economic evaluations.
1.2.3 Market Analysis

When selecting the tvpe of technology for any addition of
generating cavacity, utilities must consider many economic,

{echnical, and institutiohal factors. ‘These might include:

° Existing and projected growth of system load

. Timing and duration of the load (existing and projected
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° The mix of the existing generating capacity:’:

. The projected cost of rower :generation and distribution

e Confidence in the technical reliability of the
technology

° The avallabllltv and cost of'enerqv sources

. Instltutlonal factors constralnlnq the ch01ces

SOme of the factors 1end themselves to rlqorous quantltatlve
analyses. Assessmen+ of others can only be qualltatlve. The
weight of each factor and the overall dec131on-mak1nq process

varies from one utility to ancther.

The method frequentlv used by utlllty planners in the early
plannlnq staqes to 1dent1fv the economlcallv v1ab1e alternatlvee
for any part'of.the system load'is the screéning/load dﬁration
curve method. This was used in the market analysis to\test the
economic viabilitv of the'reference systems. ‘In‘tbe_screeninq
curves produced, the solar h@ﬁrid.plaht is compared Wfth

competing conventional technologies.

The Bechtel computer proqram ALIOCATE was used to calculate the
screening curves and to estimate the market share where solar
hybrid power systems could compete successfully. The two inputs

+o the program were:

‘e Levelized annual plant costs

. Plant operating characteristics

-
|
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The levelized annual cost components were calculated by Bechtel's
computer program RESOURCE based on econom1c quldellnes and data
from EPRI and DOE, and on SpGlelC plant costs and operating

4

chraracteristics from published aqd Eechtel in-house materials.
During the market studies, ut111tv companles were contacted to
verify the analytical approacb and the va11d1tv of the input

data.

1.2.4 Parametri¢ Analvsgis

A larqe data kase was requlred to allow rat10na1 selection of the
nreferred system for +hc uubeeouent conceotual de81qn and
acsessment tasks. . To establlsh this data base, parametric
analvsee"were performed to evaluate the cost impact of major
desiqn, per formance, and ccst'variables of the solar hybrid rpower

systems.

The approach used in.these parametric studies was to establish a
reference value or poiﬁt based oh a preconceptual system desion
(see Subsection 1.2.2) and then.to choose two additional points,
one above and one kelow the referehce, to estaclish the trend of
change. .The figure of herit selected to gauge the effects of the
variations was the equivalent cecitél cost. This included the
estimated carital cost. and the.cépitalized value of the operating

A

and malntenance costs, 1nclud1nq the ccst of fuel.



The analyses included evaluation of the following design

variables:

. Collector field confiquration
. Receiver design concert and confiquration

. Power cycle desiqn and cpérating conditions

Although variationS~ére aléqugonCeivable in the master control
suksystem and in the site éleé¥ricAbower distributién, it is not
expected that these will'siqnificéntlvaaffect the economics of
the solar hybrid power systems. Consequently no.sebarate
analyses were cqnducted for these poffions éf the plant.
However, the cost imnacts on them hy changesAinlbther,design

variables were considered.

1. 2.5 Selection of Preferred System

e e
The preferred commercial power system evolved from the
preconceptual refe:ence designs through rarametric analyses,
economic evaluaéions, and system-level studies. The major
criteria during the evaluations were: cost of energy production,

market potential, fossil fuel.disclacement potential (solar

fraction), and development risk.

Major system-level studies  included selecting the reference fuel,
assessing the economic value cof enerqgy storage, and selecting the
solar fraction. Other system-level considerations included plant

I3

size and solar multiple and field/receiver power ratio.
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The reference Strawman and Advance Strawman designs were modified
as a result of the parametric analyses and systemlevel studies,
and the final economic evaluation of the two systems took into

consideration the cost impact of these changes.

1 2.6 Conceptual Design of Ccrmmercial-Scale Hybrid Plant

The conceptual desian of the preferred commercial power system
was developed around a commercially . available gas turbine
produced by Westinghouse (Model w-501), and a:sinqle-casinq,
nonreheat steam turkine, also produced by Westinghouse. The
comtined net output of these units in the hybrid mode is

112.6 MWe, which is slightly hrigher than the DCE-specified

100 MWe nominal output for the commercial solar hvbr;d power
system. However, there is an extensive technical and economic
data base available for these turbines, and due to the
compafativelv small capacity difference, any extrapolation to a
100 MWe power level can be made withcut introducing significant

scaling errors.

The ovefall conceptual design was developed to provide system
data and component functional srecifications to §§sess system
performance; estimgte capital, operating, and maintenance costs;
and prepare an accurate conatraction schedule. The system was
also consistent witﬁ the technical requirements in Reference 1-1

and with the selected gas and steam turbines.



1.2.7 Assessment_ of Commercial-Scale’HYbrid Plant

Assessment of the preferred commercial hybrid power system
included identifving potential future improvements, identifying
potential constraints to wide-~spread use, and updating the mrarket

analysis. -

It was recognized at the teginning of the project that the
performance.of the combined cycle solar hykrid concept could.be
improved significantly and thaf costs would be reduced as a
result. Cosfs will also be reduced as the central receiver

technology matures and as economies of scale are introduced.

The potential for performance imrrovements and cost savings were

analyzed for the system as a whole and for the subsystems.

Potential technical and socibecondmic constraints were also
identified and assessed in terms of their ‘impact on successful
introduction and wide-spread use of the solar hytrid concept.
Among the major technical issues examined were the environmental
effects,‘safetv, materials technclcay, and‘manufacturing and
marketing capécitv. The major socioeconomic constraints examined
were land used, natural resources, legal/regulatory, and

institutional constraints.

The earlier market analyses were updated using the buskar cost of
. electricity calculated for the conceptual design. In addition,

several utility companies were contacted to confirm the marke:
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analysis“methogologvvan@,gomment“on the‘prospective use of solar

hvbrid nlants. Tbe ut111t1es represented each of the four

regions con51dered 1n the market analv31s effort.

1.3 | PPOJECT TEAM

Bechtel National ,Inc. (BNI) was the prlme contractor for the
proiject. In addltlon to the respon31b111tv for overall

management, PNI was also respons1ble tor the tollow1nq spec1t1c

technical efforts:

. System integration

. Market analysis

e DParametric studies and conceptual desiqn of the electric
power generation suksystem and the master control

suksystem

] Conceptual desiqgn of site electric power distribution,
Si1té arrancemént, sité Striuctures, and utilities

o Conceptual design of the receiver tower structure
. Preparation of a develckment plan

° Tecknical and economic assessment of the preferred
system

Northrup, Inc., as a subcontractor, was responsible for the
conceptual design ard parametric analysis of the collector
subsystem. In addition, Northrur was responsikle tfor defining
the collector field-related portions of the master control
subsystem. Foster Wheeler Develcrment Ccrgoration, also a
subcontractor, was responsible for the conceptual design and

parametric analysis of the receiver. The Combustion Turbine
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System Division of Westinghouse was afcohsuitahﬁ on ‘the combined
dvcle power convefsion'svstem éha'equiﬁméht'tééhnéigqy.A.Tﬁé
Pubklic Service Co. of New Mexico served ‘as aghtilityaédﬁiédi.
Informal discussions were a}so-held with the Pacific Gas and -
Electric Co. on power generation blanninq.; Tﬁe Solar Energy
Research Ihstitute, ElectriC~PdﬁgrARegearcthnstitﬁte, and
several uffiities from représenfatiVefreqicné-of the U.S.
participated by respondina ‘to a dueétionnéire onrutility-

economics and on potential use of solar hybrid plants. -
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Section 2

MARKET ANALYSES
2.1 TNTRODUCTION

This section describes the analyses perforhed to assess the
economic viability of roth the Modified‘Strawman:aéd'Advénced
Strawman svstems.in<fogr reqioﬁs of thelgountry.A.In theée
analyses fi?st—qenefatibn éélar hvbfid plants are compared to

conventional power technoloqgies.

First; baseline capit;l and bpefatihq costs were estimated, based
on the preconcebtual reference desidns for the hvgrid rlants, |
assuming that they were'first—of—a-iind, and oﬁ pﬁblished data
for the cahvenfional technolodies.,-From these éstimates,
annualized busbér eléctriéitv césts-were qenérated, using
Bechtelt's computér program RESOURCE. 'Thesé busbar costs, along
with'plant operating charactériétics, were used as input to the
program ALLOCATE, which produced the utility screening curves and

load duration curves used for analvzinq market penetration.

Market penetration of the solar hybrid systems was estimated
under nine economic scenarios, in four regqions, in the 1990 to

2020 time frame.



2.2 BASELINE COST/PERFORMANCE DATA AND ECONOMIC
ASSUMPTIONS

The baseline cost estimates for both hybrid and conventional
technologies assume a Western plant location (Pacific Southern
region). Capital and operating cost estimates for the
conventional technologies are adapted from the EPRI Technical
Assessment Guide (Ref. 2-1). For the regional market
assessments, baseline estimates wefe adjusted to account for
variations in labor and material costs and for some variations in

performance characteristics.

The financial and economic data, such'as discount rates, fixed
charge rates, énd escalation rates, were derived from the
Requirements Definition Document. A set of typical utility
financial/economic data was also developed and used for

comparison purpuses.

2.2.1 paseline Data for Sclar Hybrid Systems

Table 2-1 shows the kaseline capital cost estimates for the first
100 MWe Strawman and Advanced Strawman hybrid systems. The

estimates, expressed in 1978 dollars, include:

) Direct field construction cost
) Indirect field cost and engineering services
. Continagency

. Allowance for funds during construction (AFDC)



TABLE 2-1

CAPITAL COST ESTIMATE FOR REFERENCE SOLAR HYBRID SYSTEMS
(1000's, End of Year 1978 Dollars)

e Advanced
Strawman
Strawman
Account/Description Non- ) Non-
Solar Solar
Solar Portion Solar Portion
Portion ortio Portion °
DIRECT FIELD CONSTRUCTION COST
4100 Site, Structures and )
Miscellaneous Equipment 2,200 100 2,200 100
4200 Turbine Plant Equipment A
Gas Turbine 7,800 6,600
Heat Recovery Steam Generator 7,700 5,600
Steam/Turbine/Miscellaneous 9,300 10,000
4300 Electric Plant Equipment 2,500 200 2,500 200
4400 Collector Equipment
Hel iostats®i 21,300 28,600
Computer* 2,000 2,000
Cable* 1,000 1,000
4500 Receiver Equipment’
Receiver* 15,300 20,700
Tower* 3,200 4,000
Riser/Downcomer 2,800 3,100
4700 Nonsolar Energy Subsystewm Equipment 500 500
Total Direct Fiéld ’
Construction Cost 30,000 45,900 27,400 59,700
INDIRECT FIELD COSTFAND ENGINEERING SERVICES
4800 Nistributabhles and Indirect Costs
Indirect Field Cost 6,800 1,600 5,600 2,200
Engineering Services 4,400 4,800 4,000 6,200
Total Construction Cost Excluding
Contingency and AFDC 93,500 105,100
CONTINGENCY 14,000 15,800
AFDC** 21,500 24,200
Total Construction Cost 129,000 145,100
Modifications (Strawman only) (1,100) -
Total Construction Cost 127,900 145,100

“Subcontracted item.
**Allowance for funds during construction.

iAssumes heliostats @ $93.42/m?2 per Northrup preconceptual estimate.




Capital costs for 1990 wereuestimated using a nominal capitai
cost escalation}rate of 10 percent per year. The estimate for
the Strawman plaﬁt was reducéd bv'1.1 millioh dollars to reflect
modifications to the reference system decided upoﬁ'during
preliminary system selection. Specifically, the receiver and
riser/downcomer pressure drop was reduced to 41.4 kPa (6 psi) and
a duél-pressﬁre steam Fottoming cvycle was incorpofated. This
Modified Strawman was then used in the estimate of operating
costs and in all economic comparisons. It is emphasized that the
capital costs of Table 2-1 are for a first-of-a—kind plant only;
since real cost_reductions are expected for "nth'plants," this

estimate is conservative.

Annual operating and maintenance cost estimates for the Modified

and Advanced Strawman systems are shown in Table 2-2.

The estimates are based on the DOE guideline of 1 percent of
total capital cost. Fixed operating and maintenance costs do not
vary with capacity factor, but variable operating and maintenance
costs. are assumed to be directly proportional to capacity factor;
(For this study, capacity factor is defined as the fraction of
the vear the,plaht—bperates.at rated capacity.“ Pq;t—load
operaﬁion is not conéidered.) The C&M costs for 1990 are based
on an operatinq‘and.méiﬁténénée escé1ati6n rété‘of‘ﬁ'gercent per

year. The OfM costs do not include fuel costs, which are

calculated separately.



Table 2-3 summarizes the major performance. data used .in
calculating electricity production costs for the solar hybrid

plants.

2.2.2 -Baseline Data for .Conventional Technologies = .

EEN

Baseline cost estimates and performance data. were compiled for

four conventional power technologies:

e Combustion. turkine (distillaté oil-fired)
® Combined cycle (distillate:oi1ffired)4
. Coal with flue gas desul furization

J Light water reactor
To ensure compatibility with commonly accepted utility industry
practice, the baseline data in Table 2-4 were adapted from the

EPRI Technical Assessment Guide (Ref. 2-1).

2,2.3 Reqional Variation of Data

Four regions representing a range of capital costs, fuel costs,

and insolation levels were selected for the market assessments:

e -~ Middle Atlantic: Region: Pennsylvania, New. York, and New
Jersey '

° South Central Region:'Teias, Oklahoma, Arkansas, and
Louisiana :

' e . South Mountain Region: Nevada, Utah, COiogado, Arizona,
and New Mexico ' ‘ o




TABLE 2-2

OPERATING AND MAINTENANCE COST ESTIMATE
FOR REFERENCE SOLAR HYBRID SYSTEMS

Modified Strawman Advar ed Strawman
Account |7 1978 1990 | 1978 1990
Nonsolar system
Fixed ($1000/yr) 109 274 92 232
Variable (mill/kWh) 1.04 2.62 0.88 2.22
Solar system . .
Fixed ($1000/yr) ' 671 1690 | 940 2367
' Table 2-3

BASELINE PERFORMANCE DATA FOR REFERENCE SOLAR HYBRID SYSTEMS

System_Characteristigs; .| Modified Strawman . Advanced Strawman
Capacity, MW .. . L 100 . 100
Life, yr : 30 30
Heat rate, daytime average, - .
kJ/kWh (Btu/kWh) . . 8101(7679) A 7760(7355)
Heat rate, nighttime average,
kJ/kWh (Btu/kWh) : 8169(7743) 7831(7423)
Average annual solar fraction, 7% 31.2 . 40.8
Breakpoint solar capacity _
factor, % . 48 ' 48




TABLE 2- 4

BASELINE PERFORMANCE DATA AND COST ESTIMATES FOR CONVENTIONAL TECHNOLOGIES*

(South Mountaln and Pac1f1c Southern Reglons)

Variable

Plant _Capital Cost .Fixed-O&M Cost 0&M Cost
Character}stlcs ($/KW) ($/kW-yr) 'KMills/kWh)
Technology . — . - — ' )
Capacity -| .Life '| Heat Rate .. y adnr
“ome) | (Yrsy | (Beu/iam, | 1978 | 1990 | 1978 1990 | '1978 ;1_9'éo
Combustion - : . i E
Turbine ©75 . 300 | 14,000 |- 157 493 :| 0.49 1.23 2.02 5.09
Combined . SRR R
I Cycle 250 - 30 8,700 [- 295 926 | 1.18 2.97 1.25 | 3.15
| Coal ‘with
Flue Gas ‘ o : : ' o
Desulfurization| 1,000 .30 10,400 745 2,338 | 2.58°° 6.50 1.64 4.13
Liéht Water . S g _ ) RS |
Reactor . 1,000 . 30 - 10,400 . 825 2,589 : -2.84 S 7.15 ) 0.72 | 1.81
“*Source: EPRI Teéhnicél_Assesémen;_Guide:




° Pacific Southern Reqgion: California

The Middle Atlantic and South Central regions are U.S. census
regions, while the South Mountain and Pacific Southern regions
are the southern parts of the Mountain and Pacific census

regions, respectively.

The baseline cost and performance data for both the hybrid and
conventional power plants correspond to the Pacific Southern
region. For the South Mountain reqion, the only variation is in
the average annual solar fraction of the hybrid systems. Costs

remain the same.

For the South Central and Middle Atlantic regions, however, all
cost and performance data were adijusted from the baseline values
to reflect variations in material and lakor cost and in
performance characteristics. The costs are lower in the South
Central reqgion and higher in the Middle atlantic region, and Lhe
solar fraction is less in both reqions. The adjustments are
based on the recommendations of the EPRI Technical Assessment

Guide.

2.2.4 Economic Assumptions

The financial and economic data, such as discount rates and fixed
charge rates, used in calculating electricity production costs

are presented in Table 2-5. The DOE financial/economic data



TABLE 2-5

ECONOMIC. ASSUMPTIONS-

Pafametric-bescriﬁtion DOE gi?igil
y
Financial Institutional Assumptions |
Discount rate (%) 10 9
Economic life (yrs). 30 30
Fixed charge rate (%) 18 15
Projeétéd relative'price beﬁavior S
Expected inflation rate (%) - ) 6
Capifal escalation rate (%) 10
0&M esclation rate (%) 8
Fuel escalation rate (%)
Coal 6,8,10,12,15 6.4
Distillate oil . 6,8,10,12,15 7.6
U;04 | 4 - 6,8,10,12,15 8.0
Fuel price (1978 $/MBtu)
Coal
. Base price '1.00
Pacific Southern 1.02
South Mountain 1.02
South Central .48
Middle, Atlantic 1.01
No. 2 distillate
Base price 2.35
Pacific Southern 2.49
South Mountain 2.69.
South Central 2.49
Middle Atlantic 2.59
”308 .53
2-9
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shown in the first column are used in all systems studies,
baseline economic comparisons, and market assessments. They
reflect quidelines set forth in the DOE Requirements Definition
Document. Ihe typical utiIit? data, which are similar to
financial/economic data presented in the EPRI Technical
Assessment Guide, ére used in one scenario of the economic

comparisons and market assessments.
2.3 : ECONOMIC COMPARISONS

The levelirzed bugsbar clectricity cost, a commonly accepted
economic criterion in the electric uti}itv sector, was used to
éompare the Modified and Advanced Strawman systems with each
other and with the four selected conventional power technologies.
Since levelized costs are highly dependent on cabacity factor,
all comparisons are presented for a range of capacity factors.
The sensitivity of the Modified and Advanced Strawman busbar
costs to variations in cogt/performance and econqmic parameters

was also examined.

2.3.1 . Levelived Busbdar Electricity Cost Calculations
Levelized busbar electricity costs are computed in current
dollars using DOE financial/economic data and buskar costing

me thodology. TFor conventional technologies, levelized kusbar
costs are expressed in dollars per kilowatt per year as a linear

A

function, f,, of capacity factor (CF):
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£4(CF) = F'+ (V + 87.6 * CF)

where:

F = 1evellzed fixed cost (levelized cap1ta1 charges
plus levelized fixed operatlnq and maintenance
costs in $&/kW-vyr) -

V = 1levelized variatle cost (levellzed fuel cost
rlus levelized variakle operating and
maintenance cost in $/kW-hr)

CF = capacity factor (%)

The upper curve in Fiqure 2-1, designated f, (CF), illustrates a
conventional technology levelized busktar cost function. The
linear levelized cost functions imply several simplifying

assumptions:

® L.evelized variable 0OtM.and fuel costs are strictly
proportional to capacity factor

° ‘Utilitv syster interfaces and dispatching need not ke
: explicitly considered .

. Reliability and ava11ab111tv need not be exp11c1t1y
considered .

The levelized kuskar cost functions for the hybrid systems are
complicated by the intermittent solar energy contrikution. ‘The
shaded region of Figqure 2-1 illustrates the feasible range of
levelized busbar electricity cost functions for a hypothetical
solar hybrid plant. If'the plant iS‘never-operatéd‘during
periods of useful insoiafiéﬁ, fhe levelized cost function
corresponds to t, (CF). (This réoresents‘the levelized cost
function of a conventional combined cycle plant burdened with the
cost of idle solar equipment.) If the plant is operated during

all periods of useful insolation, the cost function is f, (CF).
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If an intermediate dispatchinq strateqgy is adopted, a typical
cost function is f3(CF). The varvinqbslopes of fg(CF) and f4 (CF)
reflect the variation in receiver pdwer'béerlthe year; the'
flattest portioﬁs corresponding to periods df greatest fuel

savings.

Comparison of f, (CF) to f3(CF) shows tbat»dispatching the plantJ:
less durin§ periods of useful insolation shifts the cost cﬁrve
upward and moves the solar/nonsolar breakpoint to the left (from
CF, to CF,). The capacity factor corresponding to the knee-of
the hybrid cost function (e.g. CF, or CF,), is hereafte;/referred
to as the breakpoint capaéitv factor. For the economic-
comparisons that follow, levelized cost functions corresponding
to f4 (CF) are used. This strateqy maximizes the averagé annual

solar fraction and minimizes the fossil fuel consumption.

A linear approximation, repfesented by the dashed segment in
Fiqure 2-1, has been assumed for the curved portion of f4 (CF).
In addition, the earlier stated assumptions in the linear
conventional technology cost functions apply egually to the

piecewise linear solar hybrid cost functions.

2.3.2 Fconomic Comparisons

Economic comparisons between the solar hybrid systems - and the
selected conventional technologies were carried out by computing

.the parameters of the_linéar levelized cost functions for each



and euperimposinq the resulting set of cost curves, usually
called screeninq curves by the utility industry. The lower
envelope of each'set of screening eugvee indicates the technology
witﬁ the minimum levelized bueﬁar ceetfet each capacity factor.
The results of the analyses afe sheen_ih Fiqdres 2-2 through 2-5.
Specifically, Fiqure 2-2 refieets the<baselihe'cost/performance
data, a 12 percent fuel escalatibnirate.for ali'fuels, and a
plant startup of 1990. With these COHJlLlOuS Lhe Advanced
Strawman exhibits a slight cost advantaqe over the Modlfled
Strawman at capacity factors exceeding 35 percent, while the

1

converse is true below 35 percent.
. ~ i R
Figure 2-3 shows the same sc;eeninq curves with a 15 pereent fuel
escalation rate. The cost ad&ahtaqe'of the' Advanced Stfewman
over the Modified Strawman is ipereased slightly, thle'thefe is
a larqge decrease in cest relative to the eohbined éYcle‘eystem
‘for both hybrid svetems. In thie seenario, however, the hybrid
system coste_increase relatiye‘to!ebal and nuclear’system costs.
Fiqure 2-4 reflects{plenttstartuptinytheﬂvea; 2000 and a fuel
.escalation rate of 12 percent. It ShOwS thét'the effects of a
later startup date are 81m11arvto those of a. hlqher escalation
rate. Aqain, -the- hybrld systems: look better relatlve to the
combined cycle and combustion tu:blne systems, and worse relative

to the coal and nuclear systems.

L
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LEVELIZED BUSBAR ELECTRICITY COST, $/KW-YR (1000's)
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LEVELIZED BUSBAR ELECTRICITY COST, $/KW-YR (1000's)

LEGEND:

AS = ADVANCED STRAWMAN .
cc = COMBINED CYCLE

COAL = COAL

GT = GASTURBINE

LWR = LIGHT WATER REACTOR
MS = MODIFIED STRAWMAN

1
27 FIRST OPERATIONAL YEAR. — 1990
FUEL ESCALATION RATE — 15%
114 EPRI COST/PERFORMANCE DATA

DOE FINANCIAL/ECONOMIC DATA

10
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Y 2 A 6 8 1.0

_CAPACITY FACTOR

o
1

Figure 2-3 SCREENING CURVES, 1990, 15 PERCENT FUEL
ESCALATION RATE
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LEVELIZED BUSBAR ELECTRICITY COST, $/KW-YR (1000’s)
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CC = COMBINED CYCLE - -
COAL = COAL - ' C
GT = GAS TURBINE .
LWR = LIGHT WATER REACTOR
MS = MODIFIED STRAWMAN
124 L
FIRST OPERATIONAL YEAR — 2000
FUEL ESCALATION RATE — 12% - | .
114 EPRI COST/PERFORMANCE DATA .
DOE FINANCIAL/ECONOMIC DATA
0 PACIFIC SOUTHERN REGION
GT
9 - cc
MS
8 -
AS
7 4
6 -
5 -
44 -
3 -
24
. 1 -

- 0o 2. 4
| - ' CAPACITY.FACTOR

- Flgure 2-4° SCREENING CURVES, 2000, 12 PERCENT
L FUEL ESCALATION RATE




LEVELIZED BUSBAR ELECTRICITY COST, $/KW-YR (1000's)

72.0-

LEGEND:

AS = ADVANCED STRAWMAN "~ :
CC = COMBINED CYCLE B
COAL = COAL «

.GT = GASTURBINE .

LWR = LIGHT WATER REACTOR

MS = MODIFIED STRAWMAN

FIRST OPERATIONAL YEAR — 1990
FUEL ESCALATION RATES — -

7.61 (MS, AS, GT, CC)

6.40 (COAL) ‘

8.00 (LWR)
EPRI COST/PERFORMANCE DATA
UTILITY FINANCIAL/ECONOMIC DATA
PACIFIC SOUTHERN REGION

2 -4 8 T 8
h CAPACITY FACTOR -~ _ -

Figure 2-5 SCREENING CURVES, 1990,‘VARIABLE
FUEL ESCALATION RATES
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Fiqure 2-5 shows tle effects on the: levellzed cost functions of
the typical utilitv flnan01a1/econom1c data outllned in the
second column of Table 2-5. It‘was found that their effects were
generally consistent with those of the DOE financial/economic
data. The generally lower escalatioh rates for all fuele in thte

tvpical utilityAdata tend to:

e Increase costs for the Advanced Strawman relatlve to the
Modified Strawman

e . Increase costs for the hvbrid'svstems relative to
combined cycle and combust1on turblne systems

. Decrease costs relatlve to coal and 11qht water reactor
systems

2.3.3 Sensitivity Anaivsis

Sensitivity analyses were performed te quantify the relative
importance of selected life cycle cost parameters. The
percentage change in. Modified Streﬁman and Advanced Strawman
levelized busbar costevfor-a'f1 vercent change in a seleeted
cost/performance of financial/ecogghicvparameter was used as an
index of sensitivity;v Specifically, percentage changes in

levelized busbar cost are computed. for chandes in:

L Cap1ta1 cost4

. Fixed operatlnq dnd maintenanCe cost

) Variable operating and maintenance cost
e Daytime average heat rate

. Solar fraction

,2—-19



. Fuel cost
. Discount rate
] Fixed change rate -

. Escalation rate (capital, operating and maintenance, and
fuel) . B :

Figure 2-6 shows the sensitivifv analysis results for some of
these parameters specific to the Modified Strawman system.
Sensitivities to changes in capital coét, fixed'and vériable Oo&M
cost, daytime average heat»rafe, and sQlar fraction are graphed

as functions of capacitv'féctors.

As seen from the graphs, Qheﬁ.the,caﬁacitﬁlfactor increases,
percentage changes in léveiized cost.fo? a +1 percent qhanqe in
c;pital and fixed operatind ¢dsts dec;eas?s, Whilé:the percentage
change in levelized-cost for a +1 percent change in“variabie osM
cost increases. Percentage chanqges in davtime average heat rate
and solar fraction (which affect only the~$10pe-of the flat
seqment of fa (CFY in‘%iqure 2-1) reach alﬁaximum at ﬁhe
breakpoint capacity factor oﬁAuO.B pércent. Tpe discontinuity in
these last twd-curves ieflects the piecewise linear;levelized

cost function used for the hybrid plants. As a whole, the graphs

do not indicate strong sensitivity to any of these parameters.

Fiqure 2-7 shows the sensitivity of hybrid levelized busbar costs
to variations in cost components common to several of the

technoloqiéslunder consideration (fuel cost for distillate oil-
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fired plants, discount rate, fixed charge rate, and escalation

rates).

As tefore, the impact of the capacity féctor on the sesuits is
the most siqnificant; :Levelizéd costs are mofe sensitive to
variations in flxed—cost—related 1tems at lower capacity factors
and variable- cost-related items at hlqher capac1ty factors. Thé
distillate oil escalatlon rate 1s the most 31qn1f1cant levellzed

cost  component.

It is also important to examine the relatlve sen51t1§1ty of
hybrid and conventional technoloqv levellzed busbar costs to
changes in cost/performance and f1nanc1a1/e¢onom1c parameters.
Thus, if a 1 percent increase in the fuel-oil escalation rats
raises hvbridfleVslizea-cost.by'$1/kw-vr but raises the levelized:
costs of oii-fired_tbn&entional-technqidqies Ev $10/kwfyr; the
hybrid svstemshare‘mqre;qpmpstitiye_st‘hiqhe; fuel o0il escalation
rates. Details of comparative sensitivitv anal?ses for tﬁe |
Modified Strawman, Advanced Strawman, cbmbined cycCle, aﬁd‘coal
power systems are contained in'Volhmé ITII. The results are

similar to those implied by the screening curbss of Sulksection

2.3.2.

2.3.4 optimistic Scenagio";m
After identifying the key variables from the sensitivity

analyses, optimistic, but plausible, scenarios were constructed

A’N
|
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which enhance hybrid economic viability relative to coal and
nuclear technologies. One such Set of optimistic parameters is

shown in Table 2-6. Rasically this set of parameters reflects:

. Higher discoqnt rate

L Lower fixed charge rate (reflecting favorakle tax
‘ treatment)

 TLower 1978 o0il price and escalation rate
s Lower heliostat cost ($68/m2)

e Higher plant capacity (350 MWe)

The screening curves resulting from this set of parameters are

shown in Fiqure 2-8.

Increasing the plant capacity rating to 350 MWe was assumed to
reduce the capital cost for the nonsolar parts of the hybrid.
plant accordinq'to a 0.7 exoonential scaling factor. Figure 2 8
shows that the hybrid/coal lcvelized cost differential at the
breakpoint caﬁaéitv factur (at maximum eolar cdnrrihntion) is
reduced.bv at least 50 percent compared with the screening curves
of.Fiqures 2-2 to 2-5.. In fact, if pessimistic parameters wcre
also assumed for coal and nuc¢lear plants, the differential can be

reduced even more.



TABLE 2-6

OPTIMISTIC SCENARIO ASSUMPTIONS'

‘Parameter Description Strawman Advancgd Strawman
Plant Capacity (MWe) 350 350
Economic '
Discount Rate, (%) 10 - 10
Fixed Charge Rate (%) 15 15
Capital Escalation Rate (%) 6 "6
0O&M Escalation Rate (%) 6 RN *
Fuel Escalation Rate (%) 7.6 7.6
Plant Cost . : - L
Capital Including AFDC* ($/kW) 1038 1190
Fixed Operating Cost ($/kW-yr) 7.80 0 10.32
Variable Operating Cost (mills/kWh) 0.88 1.04
Fuel Cost ($/MBtu) 2.3§ .2.35

*Allowance for funds during construction.
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D BUSBAR ELECTRICITY COST, $/KW-YR (1000's})
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2.4 MARKET ASSESSMENT '

Screening curve analyses are used in the earlv stages of capacity
expansion studiés to ﬁarrow the selectiohiﬁo a small group of
promising candidates. These then become the subject of a more '
detailed analysis, often involving a generation expansion
planning model. These models are used to determine preferred
generating ‘capacity mixes given the utility's generation

requirements.

Since this study does not address a particular utility, it was
decided that extending the screening curve analysis was more
appropriate than using a production planning model. Regional
screening curves, inuconjunction with regional demand forecasts,
can ﬁe used to prbjéct least—cost,qeheratidn mixes Qver the 1990
té 2020 timé frame.. In thé éﬁaivgig that follows, this technique
is used to simulate reqional.market penetration for the Modified

&
f

Strawman concept under three economic scenarios.

2.4.1 Methodoloqgy

One of the most important utilifv investment objectives is to
minimize the levelized kusbar electricity cost. Under the
assumption that utilities tend £o allocate investment capital to
minimize révenue requirements, the scfeening curves can be used

to project the rate of market penetration for an emerging

N
|
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technoloqy. Bechtel's market potential computer simulation

model, ALLOCATE, incorporates this approach.

Capacity Allocation Process. The first step of the simulation

process was developmént of incremental load duration curves for
the yvears 1990, 2000, 2010, and 2020. These curves plot
incremental generating capacity relative to anﬁual hours of
operation (i.e., the capacity factors).. The area under the

duration curve represents the total incremental demand.

The 1990 curve for the Pacific Southern region iS'shoﬁn.in
Fiqure 2-9. Since the regional analyses do not focdé’oh a
specific utility, the ALLOCATE model uses a deterministic
function for the duration curve in lieu of a curve fit to actual

utility data points.

For this study, regional demand forecasts were adapted from
forecasts used by the MITRE Corporation of McLean, Virginia in

recent RED benetit/cost studies for DCE (Ref. 2-2). ;

Levelized busbar electricity costs were incorporated thrduqh
regional utility screening curves similar to those depicted in
Fiqures 2-2 to 2-5. These show tuskar cost vs. capacity factor
and thevlestablish an envelope of the least cost technology at
each capacity factor. The' ALLOCATE program apportions the
incremental demand to the 1east;cost technologies, as shown in

Figure 2-10. Point estimates for capacity mixes, electricity

2-28



ELECTRIC
. GENERATING -
CAPACITY (MWe) °
5,600 -

. 5,040 4.
4,480
3,920
3,360
2,800

2,240

1,680

1,120 -
560
° o y y M Y CAPACITY
o 20 , 40 60 80 100 FACTOR
(] . 1752 3504 5256 7008 8760 HOURS OF
OPERATION

Figure 2.9 1990 INCREMENTAL LOAD DURATION CURVE FOR
THE PACIFIC SOUTHERN REGION



A

ANNUALIZED COST
(S/KW-YR)

INCREMENTAL
ANNUAL LOAD

. (Mwe) :’\:"(':‘v.
¢ e T|T DEMAND SATISFIED - °* .

' BY DEMAND SATISFIED ,
CULBYTLCL2 P

MW INVESTED IN: -
‘TECHNOLOGY 1
MW INVESTED IN
TECHNOLOGY 2

Ll

LK

MW INVESTED IN
TECHNOLOGY 3

’

-

L%

(.
-
YL

|

oy

. PR
PR S

1 o

i

. i . . . - .
: . . . ) .

P I

"
i
.

L

TECHNOLOGY 3

SR | DEMAND SATIFIED
BY TECH. 3

y .

" INCREMENTAL LOAD

DURATION CURVE

A
' CAPACITY'FACTOR -

DRI

2-30

D A b

Figure 2-10 CAPACITY ALLOCATION PROCESS




production, load ranges, capacity faetors, and power generation

costs are simultaneously determined.

For this study,:markeﬁipenetration proiectiohs_were expfessed in
terms of megawatts per year of iﬁetallea Modified Strawman
capacity, for each of the years 1990.]2000, 2010, and 2020. A
linear approxxmatlon was made to the penetratlon rate tetween
these points, and the resultlnq penetratxon rate functlon was
inteqgrated to show cumulatxve,market penetrat}on in meqgawatts

over the 1990 to 2020 time frame.

Since the hybrid system cost/performance data are. based on a -
preconceptual design, thev reflect more uneertalntv than the
conventional technoloqgv data. AILOCATE 1ncorporates this
uncertalntv throuqr the use of 4onte-Carlo SLmulatlon technlques.
In the version of ALLOCATE used for this studv, values for hybrld
fuel cost, capital coéts, fxxed operatlnq costs, and heat rate
were selected from probabllltv dlstrlbutlons.‘ Fuel ‘cost is
cormmon to several'technoloqles, so fuel'cqsts fof eonventional
oil-fired technologies were iesuﬁeéfth fdllOw the same
distribution. At each of the selected decxslon years (1990'.
2000, ?010, and’ 2020), the allocatlon process was performed many
times, gqgiving a ffeguency-dletxlbuthn of penetrat1qn rates. The

sample mean of these distributions was used to construct the

penetration rate functions descrited aktove.
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The penetration profiles are'metélv mathematical transformations
of the screenlnq curve data and are therefore based on the same

assumpt1ons as the economzc compar130ns~

e Levelized variable O&M and fuel costs are strictly
proportional to capacity factor

. Ut111ty system . interfaces and dlspatchan need not ke
explicitly considered

e Reliabilitv and availabilitv‘need not be explicitly
considered

In addition, it was assumed that:’

. Only cénVéﬁtlonal technologies were considered,
excluding advanced concepts such as fusion and fuel
cells ’

] M1n1m12at1on of revenue reguirements is the ut111ty s
sole investment ob1ect1ve

e No capltal,-equipment‘avallabilitv, or statutor?
constraints (market imperfections) are imposed

. Load folIowinq) capacity factor downgrading, and other

utility system interface and operational considerations
are not included

In fact, underAscénatios rep:ésented by the screeﬂinq cufves in
Section 2.3 (Fiqures 2-2 tO.ZfS). these assumptions completely
exclude both the hvbrid svstémé éﬁd coal-fired systems from the
power qcneration market. This interpretation, however, does not
completely conform to utilityv expectations. For example,
discussions with Pacific Gas~and Elgctric Companv revealed that
utilities expect cbal and'ngclggg Fechnoloqies to dominate the

long-term Laseload market, since the statutory limitations of the
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National Fnerqy ActuoEFJlewpreclpde»pewﬂoiljfi;ed4qnips from
base-1oad and hiqh-inﬁermediatezloag éu;y in,mqet cases

(Ref. 2-3). But it is expegﬁeq;fhat'o%lrf;red.plants should be
viable for some time to come in low-intermediate and peaking

applications.

A recent study of the utility industry by Arthur D. .Little, Inc.

also states: " B T

", ..we expect more oil and gas fired cavmacity
to be in service in 1990 and that capa01ty to -
be used more intensively’ ‘than government
policy pronouncements might suggest. 1In fact,
we expect slightlv more oil and gas fired
capacity, to be.in serv1ce in 1990 than. today, .
but that it w111 be used’ less lnten31ve1v.j
i.e., more in peaklnq and’ 1ntermed1ate-load
service." (Ref 2-4) .

These 1ndustrv expectatlons formed the ba51s for a constralned
penetratlon analysis addres31nq onlv ‘the low—lntermedlate and

peaklnq mar&ets.

Constrained Penetration Analysis. To ke able to make utility

choices based on other £hén-ecehomié'reasbﬁs,‘it'is ﬁebessarv to
incorporate what the eeoﬁomieis*iefer to as "infanqibles and
market imperfectioné"'intdmtﬁeYEhafvgis; For example; the
screening cur?es of Fiqure£2—2 imbiv that'nheleaf'plants alone
will account for all new bése;fged‘éébacitv'in 1990. They do not
reflect restrictions 1mposed for example, bv the nuclear

requlatory process (a'harkef"iﬁpefféétidhr or the government
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mandate to rely more heavily on coal. The constrained
penetration analysis is a means of incorporating market

imperfections in a "pure economic choice" technique.

Briefly, the lkase 1oad of the coal and nuclear plants is
estimated with exoqenoﬁs capacity forecasts that include the
effects of intanqibles arnd market imperfections. This Lkase-load
market is allocated to a surrogate coal/nuclear technology. Then
the remaining pcaking and low-intermediate market is to he
satisfied kv a least cost mix of combined cycle, combustion
turbines, and.solar hykrid technologies on the tasis of pure
economic choice. The effect of constraints on coal/nuclear
capacity additions can ke examined through §arametric variation

of the exogenous coal/nuclear capacity forecast.

’The analytical tools used to implement this approach are shown in
Fiqure 2-11. The incremental reaking and low-intermediate demand
corresponds to the unshaded area under the incremental load
duration curve. ''né shaded coal/nucledr purtluu.st eslimaled
based on a reqional capacity expaﬁgion forecas; by the United
States NDepartment éf Cormerce (Ref. 2-5) for 2000, 2010, and 2020
for each of the four regions studied. The ratio of coal/nuclear
capacity addition to the total capacity addition is called the
"forecaosted incremental coal/nuclear capacity fraction." The
point, CF*, on the graph corresponds to the lower bound of
coal/nuclear capacity factors limited by operational

considerations.
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Incremental demand fillédibvfthe cébaqitv; OA, is ‘excluded from
allocation to other teéhholoqieg’thfouqh”the introduction of a
surrogate coal/nuclear technoloqy represented by the flat cost
curve in Eiqure 2-11;’~The variakle cost of the surrogate
coal/nuclear technology is fiked at zero while its fixed

cost, F¥*, is set equal to -the minimum of the combustion turbine,
combined cycle,’ or Modified® Striwman levelized costs at CF#., -
This quarantees that all demand ‘in the shaded region of the load
duration curve ié‘allocate6 £dEthe’COéllnuclear'surrOgate while
competition on a 1east~cést basis for the remaining demand (the
unshaded area) is viria f fected. As ‘the simulation proceeds, F* is
continuously adjusted to”éxciuﬁéwéﬁé same coal/nuclear demand

o
'

fraction.

S

2.0.2 Matket Assessment Results’

Constrained market perietration simulations were performed for a
matrix of cost/performance data sets and conal/nuclear incremental
capacity fractions for each region. the coét/performance data
sets were drawn from“ihé“EPkI“reqibhbl*aata‘énd are summarized as

follows:

e  EPRI reqipnéi"bbét?perforﬁahce data, DOE/SAN '
financial/eCQnomic data, 12 percent fuel escalation rate

o EPRI reqionai'Eost(perfdfméhée data;‘DQE7SAN
financial/economic data, 15 percent fuel escalation rate

e  EPRI réqionél‘é6§t/oerforhéhcé,data} typical utility
financial/economic data ' e T

T 23



In the Pacific Southerh and SOﬁth“Moﬁntéin regions; wﬁgre~the
forecasted incremengal coal/nuclear capacity fraction is less
than 1 (this aqreesAwith_PGSE), the;simﬁlatién wasAperforméd for .
the forecasted fractions,andka :10;pg:cent_variation (romrthe
forecasted fractions., In the,South‘Ceﬁtral and Middle Atlantic
regions, where the forecasted coa}/nuélear incremental capacity
fraction is 1, thersimulaﬁion was performed for coal/nuclear .
fractions of 0.9, 0.8, and 0.7. Thé.Modified'Strawman is used in

the penetration analyses to represent both hybrid technologies.

The lower curve in Figure 2-12 shows simulated market peénetration
in the Pacific Southern reqion over the 1990 to 2020 time frame
for the forecasted coal/nuclear fractions, DOE financial/economic
data, and 15 percent fuel escalation rate. It represents the
simulation results using raw demand déta unédjusted for
incrementai reserve requirements and retired capacity. The other
curves show the effect of annual retiremént.of 1.5 and 3 percent

of the installed capacity.

Since a detailed treatment of retirements is bevond the scope of
this gstudy, the remainind penetration results are'presented for
the raw demand data only. The reader may use the results shown

in Fiqure 2-11 to judge the impact of different retirement rates.

Fiqures 2-13 to 2-17 show the markgtTpénetratibn_simulation.

results for all cases where,bene;:ation;exceeds 50 MWe prior to
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the vear 2020. - The' fraction of forecasted incremental
coal/nucledr capacity corresponding to each curve is indicated.
Significant. penetration (over: 50 MWe) is observed for all regions
under the DOE financial/economic data and a 15 percent escalation
rate for all fuels. Inter-reqional comparisons for this economic
scenario show that market penetration is greatest in the Pacific
Southern region, followed by the South Mountain, South Central,
and 4iddle: Atlantic  regions. "The Pacific Southern region is the’
only one showing'sigrificant penetration for -all values of the’

coal/nuclear -ineremental capacity fraction. f

In light of tlre sensitivity analvses, however, the results for
the 15 percent fuel:escalation rate scenario must be presented in
the proper verspective. Although the higher rate - enhances hykrid
economic feasikility relative to combustion turtines and comkined
cycles, the opposite is true relative to coal and nuclear plants.
Thus, the constrained penetration analysis (which excludes coal
and nuclearfplants) prqbéblv‘qiygs pore-reasonable results for
lower.fuei escalation rates. A

Usiné tﬂé;DOE<finanCial/économic data and 12 percent fuel
escalation rate, solar Lybrid penetration is reduced for all
regions: the Pacifig Southern reqgion exhibits the only
siqﬁificant'markét~penetrati0n‘and even there, the coal/nuclear
additions are constrained to 90 percent of the forecasted level.

Smaller penetration is observed, prior to 2020, in the South



Mountain and South Central reqions under cdnst;ained coél/nuéleaf.
scenarios. Under typical utility financial/economic data

(7.6 percent fuel o0il escalation), penetration is further
inhibited, exceedinqg zero by the vear'2020 onlv in the Pacific

Southern region.

Table 2-7 ranks the regions in terms of key market potential
determinants with the regions listed in order of decreasing
market potential. Since all technologies in the const?ained
peﬁetration analysis were oil fired, o0il price levels éré only
significant under the typical utility financial/economic data,

which recognizes regional differences in fuel prices.

Al though the scope of the study does not allow a formal dhalysis
of the sensitivity of penetration rate to these barametérs;‘
limited conclusions can be inferred from the market penetration

curves and Table 2-7:

] Since Table 2-7 lists the regions in order of decreasing-
market penetration, a strong correéelation is implied
between market potential and the incremental
coal/nuclear capacity fraction.

L Solar fraction and relative prices are less important
than incremental coal/nuclear capacity fraction.

‘e Total 1ncremerta1 demand (total market 81ze) is
-relatively unimportant. :

. Reqgions of‘hiqhest market pdtential do not hecessarily
correspond to those of hlqhest averaqge annual
insolation. .



TABLE 2-7

KEY MARKET POTENTIAL DETERMINANTS*

Region
Determinant Pacific | South | South | ‘Middle

Southern|{ Mountain | Ceéntral | Atlantic
Equipment -price and wage level 2 . 2, 1 3
0il Pricé’level ' | i 3 '}L 2 {
'Increméntal demand .3 ’4- 1 2
"Incremental coal/nuclear R :
capaqity factor 1 2 f ‘ 3
golar fractioﬁ '2 1‘ 3 B 4

b

I

‘Best
Worst
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2.5 CoNCLUSIONS - . .

From the mérkethaﬁalvses conducﬁed on the Modified Stréwman aﬁdl
Advanced Strawman systems in foﬁr'reqibns of the country, the

following conélusiqns:can be dféwnwdn\the’ecdnomié Giéhiiify‘bfﬁ
hybrid power systems: | |

. If only economic factors are considered, at a 12 percent
fuel escalation rate, solar hybrid plants do not appear
economically competitive. Coal and nuclear plants will
share the base-load and intermediate-load markets, and
oil- and gas-fired combustion turbines and comtined
cycles will capture the peaking market.-

o At fuel escalation rates higher than 12 percent, hytrid
plant economics improve relative to combustion turbine
and combined cycle plants tut do not improve. relative to
coal and nuclear plants. This relationship holds true
over time. : ' ' ‘

e Economic parameters can be varied to reflect
YoptimisticY scenarios where hykrid plant economics
improve relative to conventional plants.

e At a 15 percent fuel escalation rate and with a
preassigned coal/nuclear capacity fraction, all regions
experience significant market penetration by hybrid
plants for the peaking and low-intermediate-load
markets. It is qreatest in the Pacific Southern region,
followed by the South Mountain, South Central, and :
Middle Atlantic regions. '

) At a 15 percent fuel escalation rate and with an
unconstrained coal/nuclear capacity fraction, the
Pacific Southern reqgion is the only one showing
significant market penetration. ’

° At a 12 percent fuel escalation rate, 'the Pacific
Southern region exhibits thé only significant market
penetration, and even then requires a 10 percent
reduction in the preassigned coal/nuclear capacity
fraction.



It is clear, from these obse;vap;qns, that the market for the
solar hybrid power plant .is highly dependent on the anticipated
fuel escalation rates and the external constraints placed on coal
and nuclear plants. These analyses do nop_consider the effects
of competition from other advanced technologies currently under
dévelopment. It‘must alsolbe gmphasized that the market analysis
is conservative. For exgmp}e( thefcoqt estimates%wepe based on a
first-of-a-kind installation:H'A;fhough difficult to quantify,
the consfruction of subsequent plants should realize cost savings
from egperience and from mass nrqduction of key components, such
a9 thc hcliostat: In addition, thc aceumption of .zero retirement
rate of existing installed capacity in the utility svystems is
congervative. There will okviouely be some degree of retirement,
and this should favorably affect the market penetration. These
purely economic conclﬁ§ions may alsq be;influenced(by provisions
of the Nationél Enerqy Actiof j978,‘which is expedted to

accelerate the commercialization of solar power.



‘SectiOn 3

PARAMETRIC ANALYSES
3.1 INTRODUCTION

Parametric analyses were conduefedafor the cellector suksystem,
receiver subsﬁstem, and electric’pewer deneration suksystem
(EPGS). The collector subsvstem studles, for the selection of
field layout and tower height, were conducted relatively
independently. The receiver subsvstemqstudxes and EPGS studies
were inteqrated'because 6f“the’si$ﬁifiean€ interdependence of
these two subsystéme. Analvs1s of the energy storage suksystem
was not undertaken, since prellmlnary studles showed that this
subsystem was neither techmlcallv necessary nor economlcallv
justified. Preliminary analysis was conducted on 1) the nonsolar
subsvstem; primarily related to the Eieyton cycle comhuetor and
the type of fuel, and 2) the master control subsystem, primarily
related to the collector subsystem. These subsystems were
further evaluated during the subsequent conceptual design.

3
~

System-level studies were also undertaken:“includinq plant size,
storaqge capacity, and solar‘fraction; ' These studies are also

summarized in this section:-

The parametric analv81s of the comb'n ’cvcle solar hybrid power

system was the larqest Sanle actiV1 viln the 12 month study.

'The purpose was to quantlfv. both'technacally and economically,

pArOSs



the relationships between plant cost and perfofmance for those
parameters that siqnificantly impact the selection of the
preferred system concept. Parameters that have a lesser impact

on the system were evaluated'dhfinq the conceptual design.

Baseline designs and cost estimates for the two preconceptual
reference systems formed the reférence points arougd which the
seﬁsitivitv to chanqeé in kev{pé£ameters‘were measured. The
svstems, represeqfinq two levels 6f téchnoloqy in the use of an
air-cooled receivet with a combiﬁed cyclé, are the‘Strawman and

the Advanced Strawman systems. {These are defined in Section 1.)

After defining the‘two preconceptuél'baseline designs, the
significant paraﬁeteré to be evaluated and the ranges for
evaluation were selected. 1In most cases, three values were
selected tor analysis, bracketing tilr bdséline value koth akovce

and below.

The next step in the analysis Qas'the deQeldpment of point
desiqns for the cases to be analyzed. For the receiver, Foster
Wheeler'develéped the point'desiqné sufficientl; to estimate the .
cost and weight of each design. For the EPGS, the Bechtel
computer program ME670A was used to define data for this

subsystem and also at the system level.

"Each parametric case was evaluated to ascertéin its effect on

system costs. The economic evaluations were bhased on equivalent



capital costs in 1990cd011ars. These costs. included dlrect f1e1d
construction ccst, 1ndlrect field cost and englneerlnq serv1ces,
continqenc?, and allowance for funds during ccnstruct;on. They
also included‘the cost of.fuel ccﬁsumed over an assuﬁéd 30-9ear

operating life and other operating costs.

Based on systems analysis anc markec potential discussions with
various-utiiities, a 12 berccﬁc baseliaé fucl escalation rate was
chosen for the cconomic evaluaciona. A 15 percent fuel
escalation rate was also calculated to check system sen51tiv1ty
to changes in fuel escalatlon rate. The evaluatlons are based on
the preconceptual hellostat cost of $93.42/m2 (installed, 1978)
and an averaqge dail9 oberation of 12.875'h0urs, which corresponds
to a 48 percent capacity factor‘at a 90 pércent availatility.

3.2 COLLECTOR SUBSYSTEM

The objective of the collector paramctric studies was to.identify
the subsystem of least cost, con81der1nq the land, heliostats,
and field wiring. Althouqh the recelver tower is not part of the
caollector subsystcem, its cost variatlon was 1oq1ca11y included 1ﬁ
these parametrics, since the'tcaér height and collector ficld
performance afe.closely‘interrclated, In-additiono the
sensitivity of the subsvstem.costs to variations in field
confiquration, field performance, aﬁd unit costs of the

components .was also analvzed.

3-3



During the parametric stddiéé} two basiE'oolleotor field layouts

were .considered:

e An elliptical field with a south offset receiver tower

. A north field

Initially, the study of a c1rcu1ar f1e1d with south offset
receiver tower was also planned kut this studv was akandoned in
favor of a comparatlve evaluation of two different heliostat .

sizes.

The preconceptual reference plants of 100 MWe capac1tv require a
solar contrikution of 56.3 and 71. 9 MWe for the Strawman and
Advanced Strawman systems, respectlvelv. with nominal field and
EPGS performance efficienc1es, thlS requires collector fields:

. ¢capahle of intercepting about 200 to”250 MWt of insolation,
resoectiyely. Seven vereions.of the”basic field configurations
were.iaid‘out and their qeometILCfberformahocs were calculated
for the solar angles at Barstow, Caiifornia.b With these field
,and performance data, normalized oosts;wefe‘calculated for a

range of points in:

. Field layout
. Tower height
e Heliostat unit cost’

. Land cost



The study effort was concluded ky determining solar flux data,
for selected confiqurations, at the receiver aperture and at the
absorber surfaces. In addition, the anhual enerqgy collected was

also determined from the available Earsfow information.

3. 2.1 Field Design and Input Data

! - e

The ébllector‘field desian‘studied in the}project evolved from
reviews of previous DOE-sponsored studies of central receiver
solar thermal power systems. Since the ellipﬁical field of fered
a better year-round performanée, it was studied extensively,
althouqgh a’nérth field was included for comparison. Table 3-1

defines the seven fields selected for stud?.

The six elliptical field designs evolved'throﬁqhhthe following

path:

e The "a" field (Fiqure 3-1) represents the first cut
approach prepared for the project proposal. The solar-
enerqgy-collecting capacity of 6125 heliostats, each with
38.6 m2 reflective area, approximates the requirements
of the Strawman desiqgn option (nominal 50 percent of the
plant design power) at noon of the best solar day. The
field is based on 22 percent packing factor with a
rectanqular layvout. The klocking and shading at the
design point was assumed to be 1 percent.

° The "B" and "C" fields represent optimizations of the
' "A" field to reduce the tlocking and shading kelow
1 percent during the central 6 hours'pf any day.

° The “D" field uses the kenefits of low blocking and
shading of the "C" field and was laid out with 6500
heliostats of 38.6 m2 size. The total reflective area
from these heliostats is at akout the midpoint of the
reflective areas required for the Strawman and Advanced
Strawman concepts. The "C" field was characterized to



TABLE 3-1

COLLECTOR FIELD DESCRIPTIONS

Field Ge?eric HelIPSCat Number of | Tower Heights
Designator Field - Size Heliostats {m)
g T Type (m2) -
A Elliptical ' Small (38.6) 6125 174, 204
B Elliptical | smal1 (38.6) 6125 %
C Elliptical. Small (38.6) 6125 180, 226
D Elliptical Small (38.6) 6500 140, 187, 235
E - Elliptical Large (49) 5121 128, 170, 215
F. North; Large (49) - 5121 125, 210, 285,
. . . 360
G Elliptical
(with south- S .
sector removed) Large (49) 5121 190

*Not evaluated.
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provide all the necessary input for the parametric
studies with the 38.6 m2 heliostats.

e The “E" field has 5121 heliostats of 49 m2 which gives
" the same total reflective area as the "D" field. This
confiquration was used in the comparison of the 38.6 and
49 m2 heliostats and for comparison with the north
field.

° Finally, the "GY" field (Fiqure 3-2) evolved as a result
of determining the radiant fluxes for the "E" field,.
where it became evident that the contribution of the
south quadrant of the field was so small that an
additional receiver confiquration would ke required.
The "G" field arrangement permits a three-cavity

receiver, with one common desiqgn heing adequate for all
three cavities.

As éhown in fdb1€-341, three rccciver tower heiqhts were
typically selected for'parametric optimization cases. The
_tailest tower has a 73.35° rim angle, which was found to give the
'boptimum optica1 perfqrmance. The intermediate tower height was
selected at-approximatelv 5 percent blocking. The shortest tower
‘'was chosen to be shofter.thaﬁ the intermediate fower ky the

:amount the intermediate tower was shorter than the tallest tower.

The collector field performapée for each tower height. was
evaluated by computer, which required the determination of the
‘coordinates of the heliostats and the sun‘pdsitibn ae inputs.

The code calculates the cosine factors, shading,.and rlocking for
each heliostat in the collector field. These values are averaged
over a vear for 36 sun positions and, with the inclusion of the

tower shadow, vield the overall geometric pefformance'efficiencv.

Since the.atmosbheric attenuation does not vary significantly
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over the rénqe of field diﬁensibns,'it wésvonlv considered in

calculations of the annual enerqy collected.

3.2.2 Field Analysis

To compare the cost of various solar subsystem configqurations, it
is necessary to normalize the costs for performance variation.
The collector subsystem and tower costs were analyzed Ly use of

the algorithm:

Cy + Cp + Cp + C

H L W
C =
CN n
where:
CCN = the nqrmalized collector subsystem cost
CH = 'installed cost of heliostats
CT = tower cost
CL = land cost
Cu = field wiring cost
n = tield efficiency

The inputs and variations of the terms of the algorithm were

defined as followé:

+ The heliostat costs (Cj;) were derived by calculating the
total reflective area and multiplying the resulting
total area by the specific cost of heliostats ($/m2).
The specific cost was varied over a range of $50.to $200
per m2,

o The tower cost (CT) was calculated from the Sandia

algorithm (Ref. 3-1) for tower cost, modified to include
the cost of riser and downcomer piping. The receiver
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weight and seismic accelerations were held constant for
all tower heights.. Separate tower cost values were
determlned for each assumed tower height.

‘e The\land cost (Cy) was 1n1t1a11y varied ketween $3000
and $5000 per acre, but found to have only marginal
effect on the normalized cost and was later set at a
conservatlve $5000 per acre.

) The cost of w1r1nq (Cw) was extrapolated from a prev1ous

: preliminary desiqn study of a 10 MWe central receiver
pilot plant (Ref. 3-2).

e The field eff1c1encv ) is the integrated averaée of

' - the geometric efficiency taken hourly from 6 a.m. to

6 p.m. for the vear 1976 at Barstow, for times when the
insolation was above 500 W/m2. : .

Figures 3-3 through 3-6 show the results of the parameéric
analyses for heliostat eoéts of‘$50 to $260 per.mz. 'fhese graphs
indicate that, considering the coliector subsvstem‘alene, the %“EW
field is ‘the most.cost-effective. &he curves also show the
expected trend that the more expen31ve the hellostats are, the
hlqher the recelver tower optlmum helqht It is also;ev1dent
that the cost of the "G" field is not 51gnifican£iy‘higher than
the %“E" field.  This indicatee that potential benefits to the
overallksvsteﬁ;_such as simplifiéd-receiyer design aﬁtendant to
the "G" field, could be achieved with minimal cest eenalty to the

collector subsystem.

Flux profiles were calculated for the wE" field at the following

time points:

North quadrant: noon winter and summeér solstice, 8 and
10 a.m., noon, 2 and 4 p.m. at equinox
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West quadrant: noon winter and summer solstice, 8 and
10 a.m,, noon, 2 and 4 p.m. at equinox

East quadrant: same as west quadrant at noon of
— solstices, m1rror image of west receiver
at equlnox

South quadrant: noon W1ntet and summer solstices, noon
equinox

The max1mum enerqv collected in the south quadrant at noon,
summer solstlce. is about 32 Mwt, whlch is about 30 percent kelow
the maxima of the east and west quadrants. With sucﬁ
dlfferences, it is clear that the south recelver cavity would
have to have a d1fferent d061qn from the east and west guadrants,

which would mean three separate cavity designs in the receiver.

Attempts to elimieate this uﬁéesirahle complexitf 1eq to the
dedelopment of the "Gw field’confiquratiOn, which deietes the
south receiver quadrant and redistrikutes the ineffective south
field heliostats from e 120° segment south of the tower. The
resulting field can achieve an improved field performance
efficiency. 1In addition, by orienting the east and west cavities
229 north of the east-west axis, the maximum fluxes and cavity
power in the remgining three cevitieslcan bée made ﬂearly equal

and thus they can be of a single design.

Considering these significant advantages, the %G" field was
recommended for continuation into the conceptual design task.
Significant performance characteristics of this field are shown

in Table 3-2 and Figqures 3-7 through 3-12,
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“TABLE 3-2
GEOMETRIC ;PERFORMANCE EFFICIENCY, "G" FIELD
Tower Height: 190 m (623.4 ft)

Solar Azimuth Angle, Degrees

Solar Elevation Angle, .

0 - +30 " +60 +75 +90 +110

89.5 | .soos = .8000  .7997 ©  .7995  .7993 .7991

65 .8309 8240 . .8057 791 - L7819 .7667

§”45 .8346 .8224 7882 .7661 .7428 7137
io-lo : . . ‘ N . :

V] .

] 55 .7075 .8010 . .7541 _ .6983 .6392 .6381

15 4561 7458 - .6993 .6226 4812 .5630

5 .| .1s84.  .6695 . .5508.  .5250  .2192  .5199
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3.3 RECEIVER SUBSYSTEM

The objective of the feceiver suksystem parametric studies was to
define the most cost effective and technically suitakle subsystem
for the Strawman and Advanced Strawman designs. The receiver
subsystem includes all components necessary to abso:h‘phe
incident enerqgy from the heliostat field and to introduce . the ,
enerqgy into the power system. “Ihe components include the tower,
the recciver, and the connecting piping.

The receiver parametric analysis addressed questions of cost, .
weight, size, surface requirements, materials, thermal efficiencyr
(heat losses), air pressure drop, design complexity, operation
and control, thermal transieﬁts, maintenan¢e, and inétallation.
This section summarizes the receiver concepts cohéidefed and
discusses the parametric sﬁudies.of receiQer éompohents. ﬁork on

the tower was confined to the economic aspects.

3.3.1 Receiver Concepts

Receivers selected for the corbined cycle hybrid power systcme
must be able to operate at high tgmperatures'tq maximize the
solar fraction and to take advantage of the excellent cycle
efficiencies at elevated températures.:,The cycle workiﬁq fluid,
air, has low volumetric heat capacity, and has comparatively low

heat transfer coefficients.
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“The eababilitieseof the receiver ha&e a strong impéct on the>
‘pefforma;ce of the solai hvbridApower system. In the chosen
ebhcept} where the receiver aﬁd'the Brayton,evcle comkustor are
in series, the solar frection is determined by the ratio of the
temperature rise across the receiver to the temperéﬁuie rise from
the compressor outlet to the eas turbine inlet. Thus,'thelbIQSer
the receivef outlet temperaﬁure is to the gas turbine inlet

temperature, the higher the achievakle solar fraction.

The peak receiver outlet temperature is constrained by material

limitations:

. Metallic receivers: material properties and
manufacturing process are ketter understood, kut the
upper limit of useful metal temperatures is akout 871C
(1600F) . -

. Ceramic receivers: much less is known about the
material properties and manufacturing processes, but the
upper limit of useful temperatures is above 1093C
(2000F) . ' '

A metall;c~receiver was selected for the Strawmah‘svétem, since
metallic receivers should be ready for application in the
_1985-1996 time frame. A ceramic receiver was selected for the
AdvancediStrawman system, although this receiver is less
developed and woﬁld involve more RED; the improved syetem
eerformance‘qained'at higher temperatures make this concept worth

pursning..

w
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The metallic receiver concepts considered are:

Nickel alloy tube-type receiver advanced by.the Roeing
Co. (Ref. 3-3)

~Heat'oipe-receiver,:usinq nickel.  alloy advanced by

Foster Wheeler Corp./Dynatherm Corp. {(Ref. 3—&)

The ceramic receiver concepts considered are:

>

ulC tube concept under development for EPRI by Black and
Veatch, Consulting Engineers -(Ref. 3-5) -

Bottom-opening ceramic matrix receiver under development
bv Sandexrs Associates (kef. 3-6)

Ceramic dome receiver under development by Llncoln
Lakoratories of MIT (Ref. 3-7).

In addition, an innovative concegt, using a small garticle heat : -

i

exchanger, is being advanced by the lawrence Berkeley  Latoratory

{(Ref. 3-8). This concept is in the early laboratory testing

stage and will require extensive development to prove its

practicality.

Of the available receiver types, the heat pipe concept-was

Selected

receiver

The heat

for the Strawman system and the tube-type ceramic

concept was selected for the Advanced Strawmanlsystem.
pipe receiver was selected Lkecause:

It can accept high solar fluxes of 1 MWt/m2 of projected
absorber surface resulting in compact, light weight
receivers , .
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) It can achieve'hiqh heat transfer rates~with low airside
pressure loss

e It has a small difference Letween the peak receiving
’surface,and the average air stream temperatures

e It can be of a modular de51qn. thCh enhances
' rellabllltv, maintainability, and operating flexibility

° It is expected to have é'low'capitel cost

Theitube—tvpe ceramic'feceiver’COncept was seleeted‘fot the
Advanced Strawman primaril? because. it is a more cenventional

- ceramic conflquratlon, suitable for the Erayton cycle pressure
cond;tlons. The bottom-opening ceramic matrix receiver is not
suitable for hiqh?pressure air operation and will require an
optical window with hiqgh transmissivity and adequate séructural
strength ‘for direct power cycle air flow. The experimental—scale
ceramic domelrecelver holds prom1se, but w111 require further -

[ TR
evaluation and development to make 1t suitable for commerc1a1

AT R SR

application. - .-

Fach receiver used in the parametric studies has four receiver
cavities; It is shown ih pian view in Fiqufev3—13. .The north
'cavitv in the fiqure is larger than the others because the north
sector of the collector field delivers a-larger proportion of the

enerqgye.

Strawman Receiver Concept. A tyrical arrangement of a Strawman
heat pipe receiver cavity is shown in Figure 3-14. The incident
solar radiation from the heliostat field enters the cavity

through the aperture and impinges on the heat—-aksorbing surface
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~ Figure 3-13 RECEIVER PLAN ARRANGEMENT
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along the back wall of the cavity. The back walllis made ur of a
number of panels, each confiqured as shoﬁn ip Figuré 3-15. The
panels consist of rectanqular air adct§ fitted“ﬁitﬁ sodium-filled
heat pipes, inlét.aﬁa.outlet.pienhmé;’inShlatioh, and support.
structure. Compressed air is introdﬁced at the béttom of the
pénels and is qradﬁally heated by thermai‘éﬁhfact with the heat
pipe fins as it passes upward to the oﬁtléf,ﬁlénum; “'The
compressed :air also receives somé heat~fromhc6ntact.with the

insulated front wall of the panel. ..

A 0.66 m (26.0 in.) diameter inlet manifold‘distripﬁiés the air
to each panel via butterfly controﬁv§a1ves}10céted‘gt fhe bottom
inlet of each panel. A 0.76 m (30.0 in.) diameter outlet
manifold collects the hot-ai;.leaviné the panels. |

A simplified.schehatic of altvpic51ahéat'ﬁipe, indicafing the
main functional features, is shown in‘Figu;e 3-16. The heat
pipes are installed in a”trianqular—pitgh grid, as shown in
Fiqure 3-17. The ﬁeat pipes are aEtached'to Lhe panél wallo in
such a way that they can be rehoveé itom the back of the panei
for servicing or replacement, as sﬁown in Fiqpré'3-18.

The evaporator surfaces of thefheat tiges groffude from the‘ffont
panel bléte. The purposes of this ﬁfotndding séction are to:

3

. Provide enough area to keep the.radiant flux in the
evaporator section below design limits <

et
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‘e Shade the front-panel wall area between heat pipes from-
direct exposure to the high solar radiant. flux

As an additional pfotectibn, the panel area between heat pipés‘is
- covered with Fiberfrax, a ceramic fiber insulation, to~p£eVent
| overheating of the panel walls;"”The Fiberfrax is a light, fluffy
refractory‘fiber made by Carborundﬁm Company and is_cépablefof

withstanding continuous temperatures up to 1427C (2600F).

Advanced - Strawman Receiver Concegt. A schematic view of the

Advanced Strawman ceramic tube cavity is given in Figure 3-19;

The receiver is desiqned to provide:

. High receiver efficiency bv minimizing both conductlon
and reradiation losses

. Acceptable pressure drog
. Maximum tube operating temgperature of 1316C (2400F)

. Minimized tensile tule stresses, along with adequate
‘ means of accommodating differential thermal expansion

. Air flow proportional to the anticipated energy received

by each panel, thus reducing the possibility of hot
spots and subsequent tube failure

In this design, the active heat aksorbing surface is located in
front of the»cu;ved rear wall of the cavities, opposite the
cavity aperture.  This surface.consists of a_siane row of evenly
spaced vertical U-tubes through which the compressed air flows as
it is being heated. Air enters the tukes via a carkon steel
header beneath the cavity floo;.;”ihe return leg pésses through

the cavity floor and discharges into a common collecting header.
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The headers are located so as to reduce the effects of thermal
differential expansion. The vertical tubes are also spaced and
positioned to minimize the effects of thermal differentials in

producing undesirable stresses.

'Adequate selection of two, dimensionless parameters can ensure
accebtable circumferential thermal tuke stresses. The first of
these parameteré, a pitch-to-diameter ratio (S/D), yields optimum
results at a value of about 3. At values substantially smaller
than this (i.e., tubes closer together), insufficient flux passes
between the tubes . and leaves the rear portions of the tubes
relatively cold, thus‘producinqhéiénificant thermal stfesses.
Sides of the tubes remain coldgr for values of S/D much greater
than;3, therebv producinq.siqnificant tensile stresses iﬁ the

Y

tubes..

The second dimensionless parameter is the ratio of the tube-
center-to-wall distance to the tuke outsiae diameter (O/D). For
very large éna small values of this'parémeter, inadequate heating
of the rear and si&e walls of thé tukes will occur and hiqh

stresses result.

Based on analytical results, S/D and O/D values of 2.66 and 2,
respectively, were adopted for the baseline design. Air flow to

the U-tubes is proportioned by means of inlet orifices.



The entire cavitﬁ interior surface,is_lineduwith high-temperature
Fiberfrax insulation, so that heat iossesAdue to conduction'may
be kept at or below 2 percent of the thermal input to the air.
Basic geometric data descrlblnq ‘the ‘north and south cav1t1es are
-presented in‘Table 373. lThe cavityiweights-are summarized in

Table 3-4.

3.3.2 ‘Rece;ver Size

. v A |
The Strawman and‘Advanced:étranan receivers add 100.67 MWt and
150.78 th,.respectivelv,'tc the air stream. Ofvthelfour
cavities, the north cavity receives approximately 34. percent of
the total power delivered bv the coliector fieid. The south,
east, and west cav1t1es recelve approx1mate1y 22 percent each.
Heat flux patterns for the de51qn-p01nt condltlons of equinox
noon were used, with approprlate scallng factors, for sizing and

performance analysis of the receivers.

Strawman Receiver. Because of .the excellent heat-transfer

perfornance of the heat pives, this:receiver is .capable of
accommodating hich radiant fluxes.i'ihe peak radiant.fluxes
absorbed by the heat pipes were limited to adccnservative 1.0
MWt/m?2 (317 000 Btu/hr- t2) which resulted 1n a depth of 7.0 m
(23.0 ft) for the north cav1tv and 5.5 m (18 0 ft) depth for the
south, east, and}west cavities. The north cavity has eleven

panels, each 1.0 m (3.3 ft) wide by 11.0 m (36-0 f£t) high. The



" TABLE 3-3
' GEOMETRIC DATA SUMMARY FOR CERAMIC RECEIVER, ADVANCED STRAWMAN -

Cavit :
Data Item " North South

Height (overall), m (ft) 28.1 (92.2) 24.2 (79.4)
Width (overall), = m (ft) 25.1 (82.5) | . 21.0 (69.0)
Radius, o (ft) | 15.80 (51.8) 12.77 (41.9)
Aperture .Area, m? (£t2) |- - 38.6 (415.5) .|  28.3 (304.4)
Working Area, ' m® (£t?) |, 64438 (6940) [ 457.6 (4925)
Tube 0.D., mm (in.) 110.1 (4.375) 91.4 (3.6)
Tube I.D.,  mm (in.) | - 98.5 (3.875) | - 78.7 (3.1)
Active U-Tube Length, m (£t) | -49.6 (162.8) 41.8 (137.2)
No. of Panels LT lf 3 _ | 9
U-Tubes/Panel B ‘ 4 ' 5
U-Tube Material L osic o SiC




" WEIGHT DATA SUMMARY FOR CE

TABLE 3-4

RAMIC RECEIVER, ADVANCED STRAWMAN

kg (1b)
Cavity
Data Item
. North South
SiC Tubes 15,954  (35,172) 10,411 (22,952)
Fiberfrax Insulation 143,461 (316,278) 74,896 (165,117)
1/4 in. CS Casing 87,678 (193,297) 60,034 (132,352)
Total Mass per Cavity 163,874 (544,747) 145,341 (320,421)
Mass per Panel 9,137 (20,143) 6,841 (15,082)
Header Weight
Hot 10,378 (22,880) - 6,552 (14,445)
Cold 4,756 (10,486) 4,007 (8,834)
Structural Weight 84,921 (187,218) 47,854 (105,500)
Total Dry Weight _
(4 Cavities) 347,148 (765,331) 611,261 (1,347,600)




other cavities have nine panels, each 1.0 m (3.3 ft) wide by 9.0

m (29.5 ft) high.

Advanced - Strawman Receiver. Because of the relative sensitivity

of ;he SiC tubes to thermally induced teﬁsile stresses, the peak
tube heat fluxes were limited to 0.2 MWt/m2 (63,500 Btu/hr-ft2)
in the north éavity and to 0.19 MWt/m2 (58,900 Btu/hr-ft2) in the
south, east, and west cavities. These limitations, coupled with
the maximum tube temperature of "1316C (2“00?) and pressure drop
of 0.1 MPa (15 psi) resulted in a cavity depth 6f 15.8 m (51.8
ft);for the north cavity, and 12.8 m (42.0 ft) for the south,
east, and west cavities. | ﬁ

The flux maps of the heat pipe receiver were used as bases for
thé'advanced receiver as well, except the values were ratiod io
achieve the peak fluxes. This resulted in a north cavity with 11
panels, each 2.36 m (7.7S-f£) wide and 24.8 m (81.4 ft) high.

The south, east; and west cavitieslhave 9 panela, each 2.43 m

(8.0 ft) wide and 20.9 m (68.6 ft) high.

3.3.3 Receiver Materials

ot

Strawman Receiver. Eiqht alloys were identified for evaluation
as potential materials for the heat pipe receivers. Factors
' considered in the evaluation process were cost, welding and
fabrication characteristics, and availability. Takles 3-5 apd

3-6 show the characteristics of the candidate alloys. A
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TABLE 3-5

EEAT PIPE RECEIVER MATERIALS DATA '

Fabrication

Fair

ical properties as Inconel 601.:

Material $/kg Welding#* Comments
Incoloy 800H [ 5.48 | Fair to Gocd Fair to Good Used for Inconel welding.
Inconel 600 8.80 | 5ood Good " For use in severely corrosive
‘ ’ ' environments.
Inconel 6121 8.05 | Fair to Gocd** | Fair .to Good Improved over 600; better high temper-
' ature properties.
Inconel 617 14.87 | Fair to Good#** | Fair to Good Improved over 625; very good high-tem-

’ : perature mechanical properties; not
presently coded at high temperatures;
hlgh Co. content.

Inconel 625 |11.75 | Good “Fair Aging (brittle) at hlgh temperature, )
’ o unacceptable for hlgh—temperature
cycllc service. . : :
Hayﬁes 25 51.24 | Poor - Poor; considerable | High Co content not avallable in 1arge
) work; hard - quantities.
Haynes 188 43.80 | Poor Same as Haynes 5 |Same as Haynes 25 but has less Ca.
Hastelloy X 13.6 |Fair More expensive and not as good mechan- '

* Welding costs for Incoloy and Inconels are similar; three times higher for Haynes.
** Caution due tc aluminum conzent; use proper filler weldirg product.
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TABLE 3-6

HEAT PIPE RECEIVER MATERIALS‘COM?OSITION

Cobalt

ybdenum

' Nickel Chromium Molybe Aluminum
Material (%) (%) (%) : ) _ &)
Incoloy 800H 30.0-35. ©19.0-23.0 [ - 0.15-0.60
Inconel 600 72.0-76. 14.0-17.0 - - — -—-
Inconel 601 58.0-63. 21.0-25.0 — --- 1.00-1.7
Inccnel 617 54.0 22.0 12,5 9.0 1.0
Inconel 625 61.0 20.0-23.0 1.0 max 8:0-10.0 0.40
Haynes 25 10.0 20.0 ’ 51.0 — —
Haynes 188 22.0 22.0 63.0 — -
Hastelloy X 52.0 22.0 0.5-2.5 9.0 i
U.S. Imports (%) 92 100 98 50 95

1972




preliminary screening eliminated five candidate alloys for the

following reasons:

® Haynes 25 and 188 have goor fabrication and welding
characteristics, and high costs. Their high cokalt
content makes them undesirakle because of the current
shortage of cobalt, which limits their availakility in
large quantities. )

® Hastelloy X and Inconel 600 are more expensive and their
‘ mechanical properties are not as good as Inconel 601.

° Inconel 625 age-hardens and kecomes brittle at high

temperatures. Therefore, it i3 unacceptablc for high-
temperature cycling service. -

To assist in further analvysis of the remaining alloys, the
maximum allowable stresses were assessed and preliminary panél
cost and weights estimated (see Table 3-7). Finally, total panel
costs (labor and materiai)'and tower cost differentials. were
estimated for IncolovaOOH‘and Incdnel 617. Tﬁe results show
that the additional material cost of Inconel 617 was more than
balanced by lower labor costs. Considering all aspects, Inconel

617 was selected as the material for the panel.
Costs might ke reduced by using Inconel 617 only in the high-
temperature portion of the panel and a less expensive material in

the lower-temperature portions of the panel.

Advanced Strawman Receiver. Silicon carbide (SiC) was selected

as the tube material in the Advanced Strawman receiver. A survey

of candidate materials indicated that this material could brovide



TABLE 3-7

- HEAT .PIPE RECEIVER MATERIALS EVALUATiON

Item

Incoloy SOOH

Inconel 601

Inconel 617

Allowable Stress, MPa (psi)*
At 760C (1400F)
At 816C (1500F)
At 871C (1600F)

Material Required, kg (1b)
$/Panel
Properties Documentation

ASME Code

Potential for Higher Design
Temperatures :

'24.8 (3600)

17.2 (2500)

11.0 (1600) -

3500 (77b0)
22,250

Very Good
Sections III

and VIII

Poor

19.3 (2800)
13.1 (1900)
8.3 (1200)

3818 (8400)
30,800
Good

Section VIII

Poor

48.3 (7000)
37.2 -(5400)

18.6 (2700)

2045 (4500)
30,300
Fair to Poof

None

Fair to Good

* At temperatures in the creep range, the maximum allowable stress is

the lowest of the following:

— 100 percent of the averagé stress’ for 'a creep rate of 0.1 percent

per 1000 hours.

— 67 percent of the average stress for rupture at the end of 100,000 hours.

— 80 percent of the minimum stress for rupture at the end of 100,000 hours.



adequate service life at the desired high-temperature operation.

Limitations of this material typical for ceramics include:

e Susceptability to brittle fracture
e Inability to sustain high tensile stresses

° HAvallablllty in short tuke lengths only, nece551tat1ng
numerous tube-to-tube joints

e Relatively unknown re81stance to a thermally cvcllng'
- environment

The most serious §f the above l;mitations is th ne9e§sity‘for
eiposinq numerous -tube-to-tube joinﬁs to solar radiation durin§
réceiye;‘9p¢r§t§on.m>The fﬁbé'ioint;;nﬁggfiﬁynhgs“yggnpo‘hen:“;
proven experimentailv for cyclic overation. And tpeAcost of
makihq these tube joints could approach 20 percent of the total
receiver costs. Due to the virtual absence of data concerning
the specific procedure to be followed in constructing these
joints, the estimated receiver costs are subject to significant

variation.

3.3.4 Receiver Thermal Perfcrmance Analysis-

The thermal and hydraulic perforhance of the Strawman and
Advanced Strawman receivers was analyzed to permit a rational
assessment of sizes,.weiqhts. and costs for parametric analysis.
Table 3-8 shows the parametric cases studied for the receiver
subsystem. The receiver parametrics were incorporated into the

EPGS parametrics, because of their strong interdepéndence. Solar
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TABLE 3-8

RECEIVER PERFORMANCE PARAMETRIC VALUES

RéceiQer " Receiver :
: Pressure- OQutlet System
Receiver Type : ‘ Pressure
) . Drop - . Temperature Ratio
kPa (psi) oc (°F)
Strawmén‘Receiver (Heat Piﬁe) 13.8 (2) 1 760 (1400) 8
27.6 (4)* 816 (1500)%* 12%
41.4 (6) 871 (1600) 16
Advanced Reéei&ef (Ceramic) : 6§.0 (10) ' 982 (1800) ° 8
103 (15)* | 1093 (2000)* . 12%
155 (20) 1204 (2200) 16

*Baseline case.




flux data, inlet air'tehperature,-and power handling requirements

were the basic input data used in the thermal/hydraulic studies.

Strawman Receiver. As the first ster in the analysis of the

Strawman receiver, the net heat input into.each receiver panel
was calculated at height increments of Tt m (3.3 ft), kased on the
solar flux data. Separate matrices were pfepared for the norfh
and the south cavities. (The south cavity aISO‘feprésents the
east and west cavities.) Table 3-9 ‘shows the data matrix for the

north cavity and is typical of the results obtained.

From these matrices the net eherq? input into the air along the
lenqgth of eac¢h panel wasc detgrmined; This was the basis for |
determining the heat transfer duty pér heat pipe. Takles 3-10

and 3-11 show the matrices 6f enerqy to air-and—heat-pipe duties

in the north cavity for the akove descriked grid.

The air flows in the receiver panéls are adjusted so- that the
outlet temberatufe at each panel is 816C (1500F). The resulting
air flow dist;ibution.in the same cavi;y is.shown in Figure 3-20.
The nearly eéual outlet temperature is désirable to keep'the
metal temperature safely below the maximum service temperature of
the alloy...Invpractice,'a coarse flow control isvexercised Ly
selecting appropriate panel depths. Fine control is achieved

with butterfly valves at the panel inlets.
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NET HEAT FLUX INTO PANELS, NORTH

11.

10.

DISTANCE FROM BOTTOM OF PANEL (m)

W0

TOTALS/
PANELS

PERCENT

TABLE 3-9

RECEIVER, STRAWMAN SYSTEM

[ - et Mw/m2 o
Btu/hr-ft2
' i Panel No. -
6 Sand 7 | 4 and 8 3 and 9 2 and 10 | 1 and 11
0.1280 | 0,1209 | "0.,1106 0,0869 0,0474 0,0158
40564, 38311, |- 35055, | 27544, 15024, 5008,
0,2291 [ 0,2312 | o0,2054 | 0,1675 | b,1185 |. 0.0529
12615, | 10111, | eS103.°| :s3084, 37559, 16777,
0,3713 | 0.,3618 | 0.3330 [ o0.,2702 | o0.1896 | 0,0964
117686, | 114682, | 105667, 85635, 60095, 30548,
0,5451 0,5325 | o0,4803 | 0,3847 0,2473 | 10,1185
172773, | 168767, [-ise2a1, | 121943, 78374, 37559,
‘0.7387 0.7189' | o,6448 | 0,504’ | 0,2970 0.1422
234120, | 227861, | 204323, | 160504, 90149, 45071,
0.8595 | 0.8319 6,7489 0,5728 0.3342 0.1612
272431, | 263667, | 237376, | 181537, | 105918, | Sto81,
0.8848 0.8611 | 0.7742 | 055949 7] o0.3476 | 0.1706
280444, | 272932, | 245388, | 188548, | 110174, 54086,
0.8295 0.800% 0,7213 0,5609 0,3358 0,1627
262916, | 253651, | 228612, |~177781., | 106418, 51582,
. L] .
‘' 0,6383 | o0.6123 { o0.s5%8° | ¢,a353 | ‘0,2805 | o0.1343
202320, | 194057, | 175528. | 137968, 88891, 42567,
0,3768 0,3626 | 0,3660 | 0,2805 | -0,2015 | 0.0948
119439, | 114932, | 109674, .| ' 88891, | 63851, 30048,
“0.1722-| 0.1659 | o0,1580 0ite2e | o.1074 0.0474
54586, [ -52583, 50079, asory, 33054, 15024,
. . - . - SN s S -
6.0658 5,8531 S,3162 4,1910 2,6250 | '1,2533| 44,5229
1916266, |1855170. [1684992, |1328380, | 832007. | 397255, hu111850,
13,58 13,15 17,90 9,41 5,90 2,82 | 100,00
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10.0

9.0

8.0 ..

7.0

6.0

4.0

DISTANCE FROM BOTTOM OF PANEL (m)

3:0

2.0

1.0

0.0

TOTALS/
PANEL

PERCENT

TABLE 3-10

NET POWER TO AIR, NORTH RECEIVER, STRAWMAN SYSTEM

MW
Btu/hr
Panel No.
6 5 and 7 4 and 8 3 and 9 2 and 10 1 and 11
0,1340 0.1266 0,1158 0,0910 0.0496 0.0165
424719, a0119, 36710, 28844, 15733, S4u,
0.2399 0.2318 IS B3 Ue1754 0.,1244 0,0554
76042, 13420, 68176, 55990, 39332, 17568,
0,3888 0,3789 0,3491 0,2829 0,1985 0,1009
123241, 120094, 110655, 89677, 62932, 31990,
0,5708 0.5576 | 0.,5030 0,0029 0.2589 0,1244
180928, 176733, 159427, 127699, 820713, 19332,
0.,7735 0,7528 0,6751 0,5303 0.3111 0,1489
245111, 238616, 213967, 168080, 98593, 47199,
0.9001 0.87114 0,7843 0,5998 " 0.3499 0,1688
285290, 276113, 2u8sson, 190106, 110917, 53492,
N.9”2hh 0,9017 0.8107 0,6229 043640 0.1787
293681, 285814, 256971, 197448, 115375, 56638,
U.B687 U,8580 0,7553 0.5874 0.3516 0,1704
275326, 265624, 239402, 186173, 11144y, Sanle,
0.6684 0,6411 0,5799 0,4558 0,2937 0,1406
211870, 203217, 183813, 144480, 93086, ‘aus17,
0.3946 0.,3797 0.3624 0,2937 0,2110 0,0993
125077, 120357, 114450, 30AL, bb6HbYy, I
0,1803 0.,1737 0,1655 0,1489 0.,1125 0,0496
57163, 55065, s2u443, 47199, | 35661, 15733,
b, 0UY%8 5,8531 5.3162 46,1910 2.6250 1,2933 1 44,5229
1916265, |[1853170, [1684992, |1328380, 832007, 397255, |la111850,
13,58 13;15 11,94 9,41 5,90 2.82 100,00
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‘DISTANCE FROM BOTTOM OF PANEL (m)

TABLE 3-11

POWER TRANSPORTED BY INDIVIDUAL HEAT PIPES,

NORTH RECEIVER, STRAWMAN SYSTEM

(kW)
] Panel No. 1
6 ‘1 5 and 7 4 and 8 3 and 9 2 and 10 { 1 and 11
11.0 -
1.9 1,8 1.7 1.4 0,9 0,4
10.0 )
3,2 3,1 2.9 2.3 1.6 0,8
9.0
4,9 q,8 4,4 3.5 2,3 1.1
8.0
biq 607 bco a.a 2.9 l.“
7.0
8,5 8.3 7.5 5.8 3.4 1.6
6.0
9.3 9,1 8.1 6,2 3.6 1.8
5.0
9,2 8,9 8,0 6,2 3.7 1.8
4.0
7.8 7.6 6.8 5,5 3.3 1.6
3.0
S.4 S,2 4,8 3.8 2.6 1,2 -
2.0
' 2.9 2.8 2.7 2,3 1.7 0.8
1.0
0.9 0.9 0.8 0,8 0.6 0.3
0.0




..TO JURBINE

PANEL No.
5

% FLOW
2.82

9.41

5.90
.94
13.58
13.15
11.94

r

FROM COMPRESSOR

Figure 3-20 NORTH RECEIVER AIR FLOW DISTRIBUTION,
STRAWMAN SYSTEM




As seen in Table 3-12, peak‘Metal temperafures occuf in the
center'banel (6) at about two-thirds panel height. fhe metal
temperature appears to vérv relatively little (about 19C or 33F)
in the‘upper half of the vanel. It‘is noted that the variation
of panel depth is limited by the minimum heat pipe condenser
section length needed to transfer”the collécted solar heat to the
air stream.' This limiting @epth is indicated by a kroken line on
Figure 3-21.: This fiqure also.indicates the relatipnship Letween

the panel depth and the air pressure drop.

The heat pipe receiver was analyzed for_the.parametric cases
shown in Table 3-13. The weight and cost data shown was used as
input to the tower and EPGS parametric %nalyses.f (Economic
parametric results ére given in 1a$1e 3-21 in Subsection 3.6,

Electric Power Generation Subsystem.)

Advanced Strawman Receiver. For rerformance analyses, the

ceramic receiver cavities were divided into panels and zones
similar to those used ‘in theldesiqn of thg heat pipe receiver.
The heat fluxes in the ceramic receiver were obtained ky
multiplying the heat pipe receiver flux'vélues by 0.197 and
0.185, respectively. -This‘ﬁés?ﬁécessérQ'to compensate for the
greater depth of the ceramic receiver. A summary pf'the baseline
operating conditions‘resulﬁinq from these fluxes for koth the

north and south cavities is given in Takle 3-14.
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Distance From Bottom of Panel ‘m)

TABLE 3-12

PEAK HEAT PIPE METAL TEMPERATURE, EVAPORATION SECTION

11.0

10.0

9.0

8.0 1.

010

(=)

NORTH RECEIVER, STRAWMAN SYSTEM

Panel No.
_ 6 _5 and 7 4 and 8 3 and 9 2 and 10f 1 and 11
840.8 838.9 838.6 853.3 830.0 822.9
1545.4 1543.9 1541.6 | 1535.5 | 1526.0 1513.2
848.3 B847.6 845.4 840.0 834.2 825.7
1558.9 |  1557.8 1551.3 1544.1 1535.5 1518.2
853.5 852.7 | . 848.0 838.8 825.0 813.5
1568.2 1566.9 1558.4 1541.9 1517.0 1496.3
852.0 850.6 | ~ 842.8 828.4 802.0 783.6
1565.6 | - 1563.0 1549.0 1523.1 1475.6 1442.5
834.9 832.2 822.9 802.6 767.7 745.6
1534.8 1529.9 1513.2 1476.8 1413.9 1374.2
792.8 | . 789.6 780.1 757.0 722.2 697.8
1459.0 1453.2 1436.2 1394.5 | ‘1331.9 1288.1
7301 726.7 717.6 |, 696.8 662 640, 4
1346.1 1340.0 1323.7 1286.2 1231.1 1184.7
649.1 644.9 637.9 621.9 604.4 55.1
1200.4 1192.8 1180. 2 1151.4 1114.5 1067.3
554.0 |  -550.7 | s48.2 | 538.7 531.4 508.5
1029.2 1023.3 1018.7 1001.6 988.5 947.3
4AR, 2 4666 67 .6 465.4 h65.6 4489
874.8 | . 871.9 | . 873.7. 869.7 870.1 040.0
406.7 406.2 | 406.5 407.8 408.8 401.7
764.1 763.2 763.7 - 766.0 767.8 755.1
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Figure 3-21 PANEL DEPTH VS. PRESSURE DROP, STRAWMAN RECEIVER -
(PRESSURE RATIO = 12)



9G-¢

TABLE 3-13

STRAWMAN HEAT PIFE RECEIVER
PARAMETRIC CASES

Outlet Temp., oC
o

F
System Pressure Ratio

Receiver Pressure Drop, MPa
) psi

South Recaiver Weight%*
North Recziver Weight*
Total Recziver Weight*

Cost in Million
Dollars*#

816
1500

0.028

197.4
153.5

439.7

13.3

816
1500

12

0.014
2

138
217.5

631.4

16.9

316
1500

12

114.2
182.2

524.8

14.0

816
1500

12

0.042

94.5

150.6

434.1

11.9

816
1500

16

0.028

128.2
204 .4

589.0

15.4

760
1400

12

0.028

87.5
134.5

397.0

11.0

854
1570

0.028

N

425.1

228.7

653.8

17.0

*Weight in tons (Z2C0 1b/ton or 907 kg/ton).
**Deliverad but uniacstalled cost.




TABLE 3-14

ADVANCED STRAWMAN RECEIVER OPERATING CONDITIONS

Cavity
Parameter

North South
Inlet Temperature, °C (°F) 378 (712) 378 (712)
Outlet Temperature, °C (°F) 1093 (2000) 1093 (2000)
Pressure Ratio 12.0 12.0
Inlet Pressure, MPa (psia) 1.11 (161) 1.11 (161)
Outlet Pressure, MPa (psia) 1.01 (146) 1.01 (146)

Air Flow Rate, kg/h (1b/h)

Max. Air Velocity, m/s (ft/s)

233183 (514080)

79 (259)

150883 (332640)

80 (262)




Parametric analyses were perfcrmred to establish the effects of
various operating variables on the cost and weight of the
baseline Advanced Strawman design. The variables examined were
system pressure ratio, ‘air outlet temperature, and receiver
pressure'drop._ Théi; effects on the cavity radius, and tﬁus.the
cavity enclosuré surface area, are shown in Figures 3-22 and
3-23. Throuqhout.these calculations, the maximum allowakle tuke
temperature was maintained at 1316C (2400F), regardless of the
other operating conditions. This éssumption was larqcly.
responsible for the sharp increase in cavity size‘for the 1204C
(2200F) air outlet.case resulting in substantial weight and cost
penalties. A summary of the parametric cases is given in

Takle 3-15.

Aperture Size. The size and confiquration of the cavity aperture

must be selected through an optimization process which balances
the "spillover" against the radiant and convection losses through
the aperture. The optimum aperture size is that which results in

the maximum power delivered to the air stream.

The spillover enerqgy was calculated by intedratinq that part of
the focal plane flux which falls outside a given aperture size.
The-iarder the apérturé,pthe ;gss&égeréy will 5é lost to -
spillage. Conversely, the radiation and convection losses tkecome

larger with increasing aperture size.

The radiatjion losses have, two components:
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Figure 3-22 EFFECTS OF RECEIVER P_RESSURE DROP AND PRESSURE RATIO ON
CERAMIC RECEIVER SIZE, ADVANCED STRAWMAN SYSTEM :
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Figure 3-23 EFFECTS OF AIR OUTLET TEMPERATURE ON CERAMIC
RECEIVER SIZE, ADVANCED STRAWMAN SYSTEM



TABLE 3-15

ADVANCED STRAWMAN RECEIVER PARAMETRIC CASES

L9-¢

Outlet Temp., _C 1093 1093 1093 1093 1093 982 1204

° 2000 2000 2000 2000 2000 1800 2200

ijessure Ratio 8 - 12 12 12 16 .12 12

Pressure Drop, MFa - .103 .069 .103 .138 .103 .103 1,103

pei 15 10 15 20 15 15 15

Receiver Weight,* 1247.8 |,1341.5 | 1055.7 | 942.1 953.9 | 617.0 1576.4
Cost in Million

Dollars*# 19.554 | 19.513 | 18.065 | 17.064 | 17.152 | 12.819 31.021

*Wéight in tons (2000 lb/ton-or 907 kg/ton).
**Delivered but uninstalled cost.




U Reflection_losses: These depend on the cavity geometry
and interior surface reflectivities. For first-cut
analysis, the reflective losses were assumed to ke
1 percent of the incident enerqgy.

. Infrared Reradiation: This was calculated for the
aperture area using the well-known relationship of
radiant heat transfer. The radiating surface effective
temperature was assumed to be the root-mean—temperature
of the radiating areas. The receiving surfaces were
assumed to be at ambient temperature.

The convection losses were calculated from the equation:

9, = hA (Tw - TA)
where: :
Yo -~ the convection hcat loss
A = the aperture area
Tw = the average temperature of the cav1ty
Ta = the ambient temperature.

the effective heat trancfer coeff1c1ent

which was correlated from experimental results
‘as h = 21.43 + 0.97V, where V denotes the
wind velocity (dimensions in metric units)

Finally there is a comparatively minor conduction luss tlirough
the walls of the cavity. 'This represents less than 10 percent of

vy
kS

the total losses,

Sﬁiliaqe and heat loss cal@ulgtipgé’Qere'cqnducted,for aperture
diameters up to 15 mt(39-u ftL.;}Thg»Qiaheters were for the
circle inscribed within the octaqonai aperture configuration.
Figure 3-24 shows the optimiiatioh process, and indicates that
the optimum is'between 6.5'ahd 7'm (21.4 and 23.1 ft). The
receiver losses éaiculated for the aesign pdint are tahulated in

Table 3-16.. Fiqute}3-25;shows-the;variation 'of the receiver
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TABLE 3-~16

'RECEIVER THERMAL LOSSES

Losses/Assumptions ;222:32: 22222323

Losses, %

Conduction 0.70 1.83

Convection 1.72 2.63

Radiation 6.10 © o, 14.94

Total 8.52 19.40
Receiver Efficiency, % 91.50 . 80.60
Assumptions

Wind Velocity, m/s (mph) 6.7 (15)

Ambient Temperature, °c (OF) 1515’(60)

Inlet Air Temperature, °c (OF). 378 (712.1)

Outlet Air Temperature, °C (°F) | 816 (1500) 1093 (2000)
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Figure 3-25 RECEIVER EFFICIENCY VS. TEMPERATURE AT
CONSTANT AIR FLOW



efficiencies as a function of the orerating temperature for
" constant airflow operation. Fiqure 3-26 shows the efficiency
variation as a function of the percentaqe'of'#ated power

operations, éssuminq constant outlet tenperature.

3.3.5 Absorkter Panel Stress (l.ife) Analysis

The receiver panels are subjected to the follbwing tyres of

1loading conditions:

] Prcesure loads
) Thermal loads during normal dperation

. Pressure and thermal cyclic loads resulting from diurnal
startups and skutdowns and from cloud covers '

] Dynamic loads (earthquake, flow-induced vibrations)
o Dead loads (weight, surrort reactions, etc.)
"t
Initial stress calculations were gerformed mainly to define wall
thicknésses for weight estimating and to identify feésihility
issues. The particular receiver cumponents conaidered to date in

the analvsis of major loads were: o

. Panel Shell. Only internal pressure loads were
considered in the design of the receiver panel walls and
the two heads.

. Heat Pipes. - The ends of the heat pipes protrude through
the receiver shell and are directly. exposed to the solar
radiation. Therefore, a cvyclic thermal analysis of the
heat pipes was done to determine the allowable radiant
fluxes. Only the cyclic thermal loads were considered
in the analysis. A total of 13,000 cycles. were used,
corresponding to a 30-vyear life. The effects of cloud

W
I

66



0.9

o
)

’77

o
ﬂ

RECEIVER EFFICIENCY
o
o))

0.5

0.4

STRAWMAN RECEIVER
816°C (I500°F) OUTLET TEMP.

DVANCED RECEIVER
1093°C (2000°F) OUTLET TEMP

Inlet Temp. 378°C(712.1°F)
Ambient Temp. 15.5°C(60°F)
Wind Velocity  6.7m/s (15.0mi/h)

s

| | 1 1 1

20 40 . 60 80 100 .
' " RATED POWER %

Figure 3-26 RECEIVER EFFICIENCY VS. RATED POWER AT
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covers and pressure loading on fatique life were not-
considered.

° Headers. Only internal rressure loads were considered.

- Header thicknesses were based on primary hoop stress
resulting from internal gpressure. . Stress concentration
effects at the connection of the piping to the shell
were not considered in the design.

The various panel components have been evaluated according to

Section VIII-Division 2 of the ASME Boiler and Pressure Vessel
Code. The ideas of Code Case 1592, as.modified for solar

applications, were used tor hiqh-teﬁperature service.

3.3.6 Receiver Structural Surgrort Analysis

>The receiver will be supported Ly a platform on top of the tower.
The walls of the cavity will ke supported by the platform and
will carry the roof periphery load. The Qall structure will ke
truss work, covered with steel glate and insulated internally.-
The roof of the cavity will be supported by the receiver wall
support structuré;' The roof dlso cunsistls of truso worl, covcred

with internally insulatéd steel rlates.

Onlv the dead loads were considered in the design of the receiver

structure for the parametric.studies. Dynamic loads (wind and

[

earthquake loads) will be considered in the later design phases.

w
|
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3.3.7 Tower Ahalvsis ~

Durihq the parémetric studies; the tower'analvsis was confined to
cost évaluations.’ Té,maké maximum use of available information,
the tower costs wére estimated from the equation provided by
Sandia, based on the work of Stearns-Roger on solar tower design

(Ref. 3-7). The equation in condensed form is:

$TOWER + $FOUNDATION + $ACCESSCRIES
+ $ENG & FEE .

$TOTAL

6

1.25 [(0.969) + (0.0002 Hy) + (1.4 - 10~
+ (0.669 - 107°) (Hy) (Hy - M, .0 0]

) MMAX

The costs are in millions of 1978 dollars. The tower height, HT,
is measured in feet and is exclusive of the receiver height. The

maximum. moment, M due to wind or earthquake, was found to be

MAX'
dominated by earthquake. The equation for MMAX due to

earthquake is:

3 1.5

05.71 - 107°) (xg)

)] [wg (536 - By +
(5.34) (Hp) (Hp - 160ﬂ

Mvax

where:
4WR»= receiver weight in kips
ig = peak acceleration, g's

Calculations of tower height for a given receiver power and
number of heliostats was based on the assumptions of constant rim
angle for the heliostat field and scaling relationships descriked

ih‘Appendix C.



3.3.8 Riser/Downcomér Analvsis

Piping Concepts. The compressed air piping to and. from the

receiver requires careful design. This is because excessive
piping pressﬁre dfop of small piping feduces'the efficiency of
'the EPGS; and}larqefdiametéf.pipinq'associated with low-pressure
losses incfeéses.the qomplexity.of the'pipinqland receiver tower
design. In addition, the receiver outlet temperatures in the
816—i093c (1500-2060F) rande require attention to insulation and
piping flexibility.

Thermal éxpansioh f1exibili¥v‘in the Strawman riser was
accomplisted by using a concept similar'to a helical coil sgring.
Horizontal expansion loéps'absorb the expansion, as shown in
'Fiqure 3-27 fdr the riser. This_arfanqement has the advantage of
maximizing the numﬁer of bending legs per piping elbow. The
loops were sized tb be supported.ffom.the inside of the main
structural co;umns of theAtower; s R
The riser pipe preconceptual éesiqn\wés bésg@'on a- temperature
rise from ambient to 427C !éOOF) andla beﬁdinq stress limit of

69 MPa (10,000 psi). A 50 ‘percent cold spring was assumed. The
rolled and welded ca;bon steel riser pipe is externally insulated

with 12.7 cm (5 in.);éf‘caléiﬁm silicate with lagging.
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The Strawman riser has a 1.52 m (60 in.) diameter. The Advanced
Strawman riser, with a taller tower but lower mass flow, has a

1;22 m (48.0 in.) diameter.

The downcomer has a carbon steel pipe as the pressure boundary
with internal insulation and metal liner. The internal
insulation with a more flexible thin liner results in less
fhermal expansion of the pressure koundary, sinceAit is at a much
lower temperature. The allowakle stresses are higher, so thinner
walls can be used and local hot spots c¢can be easily detected on

the bare pipe surface in the event of insulation breakdown.

The dowﬁcomer steel pipe of the Strawman design has a diameter of
1.83 m (72 in). * The diameter of the flow channel in this design
is approximately 1.44 m (57 in.). The Advanced Strawman baseline
design also has the same steel pipe diameter, but the flow

channelkdiameter is 1.35 m (53 in.).

Economic Evaluation of Piping Pressure Drop. The parametric

evaluation of the. economics of piping pressure drbp included the
considerations of losses in plant performance due to increased
compressor horsepower, required ky higher losses, and the savings

accrued from reduced pipe sizes.

In the Strawman concept, as shown in Fiqure 3-28, the capital
cost is lowest at a pressure 4rotg of'approximdtely 48.3 kPa

(7 psi). But the additional cost of fuel consumed with
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increasing pressure losses causes the total cost to be lowest at

41.4 kPa (6 psi).

Although a siﬁilar detailed analvsis was not done for the
Advanced Strawman, conclusions drawn from the trends evident. in
the Strawman analysis indicate that a‘pressure~drop of ketween
13.8 kPa'(Z psi) and 34.5 kPa (5 psi) vields the lowest total
cbst. This.is consistent with the higher ratio of receiver cost

t0o riser/downcomer cost compared to the Strawman,"

Receiver Bypass Analysis. The crimary modes of 6pe:ation
investiqated for the receivér were constant air flow and constant

receiver outlet temperature.

At off-desiqn conditions, tﬁe constant air flow. mode results in
receiver‘outlet temperatures-below thgﬁdesiqﬁ point outlet
temperatdre, and hence lower regeiver ﬁﬁermal losses. The
recgivér loop p;essuie'drép,»however,_remains constant for this
mode. The constant{receiver‘butlét iemperature mode utilizes a
bypass control valve at the base of the receiver towe; to bypass
air direct}v to the combustor inlet to maintain constant_recei§er
outlet temperature; This résﬁlts in a lower overall rressure
drop and a.co;respondinq cvycle heat rate reduction. However, for

this mode, the receiver losses remain high throughout the day.

Computer runs were ﬁade to determine cycle efficiencies over a

range of solar input levels throqghout thé dav for both the

-



constant air flow and constant temperature modes. The results of
these runs together Qith the receiyer efficiency.curves were used
to determihe,thé,change in‘fuei consumption as a function of
solar power to the receiver. Takle 3-17 shows-that the constant
temperature case requires more fuel over at least 80 percent of
the operating day. .The bypass control valve and the associated
instruméhtation for the gonstant temperature represents
aaditional capital expendituré. The constant air flow case is
also beneficial for thermal c#cliné; 'The receiver temperature
would increase and decrease daily at a relatively slow rate
compared to constant outlet temperature operation, whiéh would
involve a rapid temperature increase in the morning and a similar

‘fapid temperature decline in the evening.
In view of the above considerations, the constant air flow case
was selected as the most cost effective mode of operation for the

receiver.

3.3.9 Pumps, Piping, and Valve Analysis

The riser and downcomer piping, described in Subsection 3.3.8,
are the major piping items in the concert. The only pump
associated with the receiver is the Brayton cvcie compressor. It

is treated as part of the EPGS in Section 3.6.




TABLE 3-17

CONSTANT AIR FLOW VERSUS
.CONSTANT RECEIVER OUTLET TEMPERATURE

Percent ‘ .o ‘ _ Change in
Mode Rated Solar Power| Receiver Heat Rated Fossil| Fossil
to Receiver Efficiency Rate Fuel Flow |Fuel Flow*
(%) (%) (Btu/kWh) (%) (%)
Constant Air 100 i 91.5 7853 100.00 Base
Flow 80 91.5 7920 127.72 Base
' 60 91.5 © 7977 155.15 Base
40 - 90.0 8040 183.60 Base
20 83.5 8105 $212.52 Base
Constant ' 100 91.5 7853 100.00 0
Temperature 80 90.0 7868 127.89 +0.17
60 87.5 7890 155.57 +0.42
40 | 82.9 7930 | 183.77 +0.17
20 68.5 7982 212.88 +0.36

*Differential expressed as percentage of rated fossil fuel flows.
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3.3.10 Heat Exchanger Analysis

The heat recovery steam generator and cooling towers are
discussed in Section 3.6 with the EPGS. There are no other heat

exchangers in the combined cycle hyktrid system.

3.3.11 Receiver Outlet Temperature Analysis’

The‘receiver outlet temperature and the solar fraction are
closely interrelated. The results of economic analyses show aﬁ
édvantaqe with lower recei#er outlet temperature, and hence,
lower-solar»fraction., This'is true for both the Strawman and
Advanced Strawman systems at.a 12 percent fuel escalation rate,
.as shown in Figures 3-29 and 3-30. However, this conclusion is
very sensitive to economic parameters. In the Strawman system
with a 15 percent fuel eséalétioﬁ rate, there is an economic
advantage with a higher receiver outlet temperature, keeping
within technical limits. Subsequent evaluations with low cost
heliostats confirmed this conclusion. In the Advanced Strawman
system, the 15 percent fuel escalation rate did not reverse the

conclusions.

3.3.12 Receiver Pressure Drog Analysis

Based on the parametric case input from the receiver designer on

the coot effects of receiver gressure drop, a tradeoff study was
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done to determine the optimum rressure drop, consistent with the

overall system.

N

For the Strawman,:reéeivér éféssureldrops of 13.8 kPa {2 psi) and
41.4 kPa (6 psi) Qere evaluated, and compared to.the kaseline.

As shown in Fiqure 3-31, no‘economié7optimum occurs in the range
examined. However, the upper limit for reasbns of heat transfer

2

requirements is 41.4 kPa (6 psi).

For the Advanced Strawman, the samg”épproach was used and at a
pressure ratio of 12:1, an optimum pressure drop was found to ke
75.8 kPa (11 psi). This can_bé seen in Fiqure 3-32. For the
higher pressure rétios,<whigﬁ;a;é%mé;é économical for the
Advanced Strawman, an opgimum pressure drop of 103.4 kPa (15 psi)

was determined, based on analogqous trends in the Strawman

parametrics.
3.4 ENERGY STORAGE SUBSYSTEM

Based on system-level studies of storage capacity (descriked in

" Subsection u.3.3),.it was concluded that enerqy storage for the
combined cycle solar hybrid plant is technically not required and
econbmicallv not justified. Consequentlv, there were no
parametric studies conducted to support any energy storage

» ..

suksystem choices.
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TOTAL AP CONSTANT = 103.4 kPa (15 psi)
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3.5 NONSOLAR SUBSYSTEM

In the combined cycle eherqv conversion system concept, the main
component of the nonsolar subsystem is the Bravton cycle
combustor, which is an integral component of the EPGS. The other
major components for the ligquid or gas fuels are fhe fuel storage
and transfer equipment, which do not warrant separate treatment.

as a plant subsystem.

The combustor, which converts the chemical energy in the fuel to
thermal enerqv, is closely coupled to the gas turbine casing and
is generally supplied with the gas turtine. The comtustor, in
this solar hybrid application, is subjected to service conditions
that are signficantly different from conventional gas turkine
installations. Consequently, they require special treatment.
This section presents the required kackground material on gas
turbine combustor technology as a basis for discussing

alternatives for combustor arrangement and fuel types.

3.5.1 Nonsolar Subsystem Concerts

Conventional Gas Turbine Combustcr Design. The combustor is a

direct-fired air heater that operates in the range of 200 to 250
percent excess air for conventional fuels. A schematic diagram
of a typical conventional combustor is shown in Figure 3-33.,

Typically, the combustor is a cylindrical can with a perforated

metal liner within which the chemical reaction takes glace.
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In the primary zone, fuel is mixed and kurned with a portion of
the air. Film air cooling brotects ﬁhe liner from overheaﬁinq.
The remainder of the air is added iﬁ:the dilution zone to bring
the temperature down to tufbine inlet cdnditions. Additional
cooling air is directed through small holes to c661 the turtine
,nozzles and,rqtor for hiqh—tempgragure_gesiqns. To:meet lower
power requirementsbthe fﬁel flow'rate is qontfolled‘td 1owér the
turbine inlet temperature, while t@égair flogﬂyémainéleésentially

constant.

Combustor Design Alternatives. 1Iwo significant issues must ke

considered when using a conventional gas turkine combustor for a
solar hybrid plant, with its sérieS‘arrangement of solar<réceiver
and combustor. Both issues relate to the higher-than-

conventional air inlet temperatures to the combustor.

First is the cooling of the coﬁhustor‘liner, which is critical to
the operating life of the combustor. In conventional, close-
coupled gas turbines, the air entering the comktustor is at low
enough temperatures to accomplish the necessary cooling..

However, in the hybrid sSystems with receiver outlet temperatures
of 816 to 1093C (1500 to 2000F), svecial provisions, such as
bypass cooling, are required to cool the metallic combustor
liner. Alternatively, an uncooled ceramic liner would have to te
used. It is probable that current development work on ceramic

liners could be accomplished kv 1990.
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The second issue is the.thermaleeenerainn of nitrogen oxides
(NOx) resulting from the increased coMbustor'inletitempetature.
In conventional eombﬁsfors,'waeex and steam ére infeCted along
with the fuel to cdntrdlAtgermal NCx. This method is not
expected to be sufficient'to meet the requiremeﬁts of theihvhrid
design or to meet future, more stringeht, eﬁission standa;ds.
Two alternative methods are under development to reduce tﬁe NOy -

emissions:

. Lean premixed. combustion

e  Thermally supported catalvtic combustion

Both of these have tﬁe potential for'reducing.emissions below the
proposed EPA requirements by-coﬁtrelliné the peak comhuster

temperature, which is the‘keV'vatiabie in‘fhermel NOx production.
Fiqure 3-34 illustrates NOy emission:ueiﬁg these methods in place

of conventional combustion.

Lean premixed combuétion cbntréls‘the peek reaetioﬁ'teméerature
by assuring that a lean fhiqher tﬁen stoichiometric air-to-fuel
ratio) mixtufe,is introduced into the combustion cﬁahber. This
results in a lower eeak temperature than with conventional
combustion, but premixing the fuel with hot air introduces the
potential for autoignition during the mixing procese. This
aspect needs further development to meet the:operational-

requirement of commercial gas turtines.
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Hybrid designs that combine the conventional and premixed
processes, as shown schematically in Figure 3-35, are teing
evaluated as a compromise between emission control and

operability.

The catalytic combustor could'minimize thermal NOy emissions.
fhis method, which uses a noble metal catalyst on a ceramic
honeycomb substrate, accomplisheé the combustion ét temperatures
below the threshold for NCy formation. The brocess is
characterized by the lack of flame and a very even exhaust
temperature. It also may be suitable for a widc rangc of fucls,
although the effects of ash deposition on the catalyst have not
vet been evaluated. EleQated inlet temperatures pose no proklem
for the'catalvticbcombustor: in fact, a minimum inlet temperature

is necessary to achieve high comkustion efficiency.

Westinghouse, in conjunction with Englehard Industries, has been
working on the develorment of a catalytic combustor for
approximately seven years. Test results are very promising tut
further development work is necesséry in mechanical design and
operational characteristics. In Westinghouse®s opinion, this

tvpe of unit can be available in the 1990 time frame.

Series vs. Parallel Combustion Arrangement. The choice ketween a

parallel and series combustor arrangement has a potential impact
on the 3solar fraction achievable in the combined cycle hylrid

system. The precohceptual designs were based on a series
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arrangement of the solar receiver and ccmbustor. During
parametric analvsis, this was further evaluated. Factors which

influence the choice of arrangement- are:

. The relative temperatures cf receiver outlet and turtine
inlet

o Combustor development requirements

o Achievakle solar fracticns

The'peak outlet temberature pogsible with metallic réceivcrs io
approximétely 843C (1550F). Comkined cycles with such a low gas
turbine inlet temperature have cvycle efficienéies beloQ that fdr
modern steam Rankine cycles. To te competitivélit is desiratle
to use gas turbine inlet temperatures approaching 1093C (2000F).
Until the ceramic receivers becéme available, the only way to
achieve such temperatures is through raising the temperature of
Llie recelver outlet aar in combﬁétors, pléced in series wifh the

receiver.

Analysis shows that with metallic receivers in a rarallel
arrangement, even‘usinq an optimistic value of 1649C (3NNOF) as
the maximum combustor butiet temperatufe, a éignificant portiéh‘
of the Brayton cycle air flow must'bvpass the solar receiver.
With the.reduced receivéruair flow, this would actually recault in
a lower solar fraction for the same ieceiver outlet temperature

and turbine inlet temperature.
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The assumption that the baralleiwarréngeﬁent would permit -the use
of a convehtional‘éombusto: is not justifiable, éince the:-
present-day commercial combustors themselveé are not expécted to
meet the emiséions requlafibns in 1990. Thus, development is

- required for either the.péral}ei 6r series arrangement. And it
seems appropriaéé toAfocqs on- the seriés arrangement, sincéuit
gives a better utilizafion of "solar energy fér theﬂsame type of
solar receiver. It is also appropriéte to focus on the cataiytic
combustor, as recommended by Westinghouse, because it is the most
compa;ible with'a series arrangement and shows a potential for
fﬁe lowest emissions of the improved combustor concepts currently

under development.

3.5.2 Nonsolar Subsystem Size

The sizing of the nonsolar (fossil-fired) generating capacity is
straightforward. It does.‘howéver, require an undexstahding of
the daily operational'characferistics of the combined cycle solar

hybrid system.

Daily Operatidnal Characteristids. The design point»for the
solai system is 950 w/m2 insolation at noon of the best day for
the heliostat geometric éffiéiencv. "This sets the maximum
(design point) solar fraction for the Strawman plant at 0.563.
The three opérational modes necessary to describe the normal

daily operation of'this piant are:

3-91



° Hybrid mode (design point)
. Short-term fossil mode

. Long-term fossil mode

Fiqure 3-36 shows the daily variation oflheat rate and solar
fraction for the Strawman system dorinq these operating modes.
The hybrid mode represents the,maximum solar input and has the
best heat rate due to a minimum of combustion losses. In.the
short;term fossil mode,. when the solar,ihput is lost temporarily,
all the air continues to flow through the solar receiver,‘but
there is no solar heat input. Theolonovterm fossil mode is
similar to short-term fossil mode,vekeeot the solar'receiver and
the tower piping are bvpassed to reduce the pressure loss tetween

the compressor and the turbine to a nominal 3.45 kPa (0. 5 psi) .

If the load demand for the plant is reduced by the utility system
dispatcher, operation at bart load is achieved ky reducing the
fossil fuel input and lowering thc turbine inlet temperature.

The resultinq decrease io the turtine exhaustltemperature
decreases both pressure and temperature in the steam cycle. This
part—-load operatihq‘mode can minimize the fossil enerqgy input
‘while increasinq the solar fraction to a value greater than the
deSiqn point at reduced plant output The allowable turndown
ratio on the fuel system is the only major limit on the reduction
of fossil input at part load. This will be studied further in

conceptual design.
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Design Poinc'For Nonsolar Subsystem Sigiﬁg. Due to the>
operational charcteristics diécuééed'abcve;~the.nonsolar
subs?étem must. be capable:of'supplﬁinq'iOO»cercent rated power in
the shcrt-term fossil cpefatihq moaé; éiﬁce this represents the °

maximum demand. The nonsolar qeneratlnq capac1ty decision

affects mainly the combustor and fuel storage provisions.

3.5.3 Nonsolar ‘Subsystem’ Materials

No significaﬁt matetiaie-felated cIOblems have.been identified:

that are unique to tlie hybrid system. The gas turbkine materials
technology used for this study is consistent with the present.. .
state-of—the-art for commercial des turkines. The tyre of fuel:
can influence the selection of the combustor liner and hot gas

path componencs. But no evaluation of materials was -attempted -
during the parametric analysis, since they.plav no major role in

selecting the preferred system.

¢
Ny

3.5.4 Fuels Selection .

The gas turbines con31dered for the hvbrld system concept are the
same as in conventional comblned cvcle plants and qenerally use
the same tvpes of fuel. The fuel select;on process anolved
identifying sultable candxdates and selectlnq the reference fuel,
after evaluating technlcal and economlc factors.. Although the
evalautions described 1n th;s sectlon show that the No. 2

distillate fuel o0il is the preferred: choice, the National Energy

(7S}
I
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Act of 1978 may requlre that comblned cycle hybrxd plants be
fueled w1th coal- derlved qases or. 011s, or that DOE approval be

obtained to burn natural gas oOr petroleum dlstlllates. The

K3

impact of. the act w111 be further evaluated in’ llght of the

1mp1ement1anrequlatlons, which are,currently belng formulated.

Al

I3
¢ -

Fuels Suitakle for Gas‘Turbines. Gas turbine combustors:directly

mix fuel and air.in the combustion process, and the hot

- -

c0mbustlon products are then expanded throuqh the turblne. This

v

makes 1t necessarv to burn relatlvelv clean fuels to meet .

4 s

emission requirements and to rrevent er051on and corros1on of the
turbine blades. 1In addition, requirements for‘fuel handling,
injection, and rapid mixino alsO‘impact;the«use of certain fuels
for gas turbines. The candidate fuels‘considered and their

relevant characteristics are: -

e - Natural Gas. This- is an ideal fuel for gas turkine
power plants. It is delivered to the plant by pipeline
from an offsite source.' In the continental U.S. it is
generally clean, SO .no special treatment is required.
It is easily injected and turned in a combustor, since
it readily mixes with dir to provide an ignitable
mixture with rapid flame propaqat1on and high
temperature.‘-

J Hydrogen.. This ' fuel has’ similar desirable attributes,

but its ava11ab111tv, cost, transportatlon,*large-volume
storage, and safety aspects‘need_further development.

° Distillate (No. 2)- ©ils. ' These-are very compatikle with
gas turbine operation and include naphtha, kerosene, and
diesel fuel. On-site storaqe. is normally required, tut
no preheating is needed. in temperate climates due to
relatively low viscosity. Distillates are essentially
ash free as refined and contain ‘less than 1 percent -
sulfur, so usually no fuel treatment is required, .
provided adequate care is taken to prevent contamination
during storage and handling. Atomization and mixing
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within the conbustor is relatively simple for this type
of fuel.

Residual and Crude Qils. These are also readily stored
on site in tanks and rumped to the turbine combustor.
Residual and crude oils are very viscous at amkient
temperatures and require heating systems in the tanks
and on piping to facilitate pumping. Residual and crude
0ils may also need cleaning to reduce alkali metal
compounds or ash content. ' Alkali compounds can be
removed by water washing followed by centrifuging. Ash
can be removed by electrostatic precipitation, kut more
frequent inspection and cleaning to remove deposits in
the hot gas path are needed for ash-bearing fuels.
Residual and crude oils, even though heated to reduce
viscosity, require more complex high-pressure, air-
augmented injectors to rroverly atomize for comkustion.
A less viscous, lighter fuel is also required for
startup.

Coal-Derived Gas Fuels. These tuels are from conversion
processes, using existing or advanced technologies, and
are expected to be among the significant turkine fuels
of the future. The gasification processes can ke
designed to use air and steam to produce low-Btu gas at
about 5600 kJ/m3 (150 Btu/ft3) heating value, or to usc
oxygen and steam to produce medium—-Btu gas at akout
11,200 kdJ/m3 (300 Btu/ft3). These gases are expected to
be relativelv clean fuels, suitable for easy injection
and burning. They would be comparable to natural gas
fuels from the turbine industry viewpoint. Gas turkines
can be easily adapted to use either medium— or low-Btu
gases. Medium-Btu gases can ke pipe supplied from
remote sites, Economics appear to dictate on-site or
nearby production of the low-PBtu gases.

Coal-Derived Liquid Fuels. These have characteristics
similar to residual or crude oils. Their properties are
a function of the feedstock coal and the conversion
process. These conversion processes are still in
development and the rroduct properties are not }
completely established as yet. However, in general
these liquids tend to have high densities and
viscosities, with the liguids often being near solids at
ambient temperatures. They must ke heated and stirred
during storaqge. Further heating is required for pumging
to the turbine combustor. Handling, injection, and
combustion of coal-derived liquids are expected to
require system complexities comparable to those now used
for petroleum crude oil.

Alcohols. These .include methanol and ethanol,
relatively clean-burning fuels, which are excellent gas
turbine fuels. Whether derived from coal, tiomass, or
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other sources, alcohols have the potential for low
emission and low maintenance. Existing gas turkines
would require minor modifications. However, provisions
for removal of anv alkali metal contaminants will ke

' requlred

. Coal. This will not ke feasible for hvbrld plants in
"~ the 1990 time ‘frame for direct combustion in gas turkine
" systems.  Indirect heatlnq of compressor discharge air
- by submerging pipes in a_ fluidized-bed coal comkustor
 'has beén the subject of Several studies. This type of
coal combustion system may provide low emissions, fut
- nonmetallic air piping development would ke necessary
“for application to turkine inlet temperatures Letween
2000 and 2400F. - R o : ‘

)

Fuels Chosen fdr’Evaluation. To - reduce the number of different

fuels evaluated durlnq the parametrlc analysis, the follow1nq

criteria were‘applled\to the range of fuels discussed above:

~eo " sufficient resource'aVallabllity (199042000) for utility
applications; after 1mpact of ‘the Nat10na1 Energy Act of
1978 ‘

) Commercial development status by 1990

Although natural gas is an ideal fuel for gas turbines, it
.. N - T
appears unlikely that it will still ke available for new utility

applications after 1990 for a plant‘with a 30-year life.

Quantity production of'hvdroqeh to fuel a number of hybrid plants
is unlikelv by 1990.. It is pfdbable, however, that ccmmercial
production of hvdroqen will beqln some time during the 30-year

design life of a plant constructed in 1990.
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Distillate oils and residual oils are expected to be available
throughout the required time frame. Howevér,‘if there is a
shortage of petroleum oils, svnthetic oilsfwitﬁ approximately the

same physical characteristics will probahly'be developed.

Development of coal-derived gas fuels, medium- and low-Btu, is
well under way. Ease of transportation and greater purity makes
the médium-Btu gas more desireable as a turbine fuel. It is
expected that the commercial development.of7medium-Btu gas will
precede commercialization of the low-Btu gases and is likely to

be available in the 1990 time frame.

Development of coal-derived liquid fuels, such as solvent-refined
coal and H coal, is currently under way. Cqmmercial guantities
are expected to be available during the operational life of a

solar hybrid plant constructed in 1990.

Alcohol fuels should be available, since alcohol fuels from coal
or biomass aie now being introduced to displace gasoline for

automotive use.

Fluidized bed combustion of c¢ocal for utility bouiler applications
may be developed by 1990, but successful development, in the same
time frame, of tubing to indirectly heat the air to 1093 to 1316C

(2000 to 2400F) for the gas turbine is doubtful.



It is recognized that candidate fuels still in the developmental
phase complicate thé evaluation Frocess, since there is no

reliable data available to support rigorous economic evaluations.

These considerations led to the selection of two petroleum-based

and two coal-based fuels for further evaluation:

e No. 2 distillate oil -
) No. 6 residual oil
e Coal-derived liquid (solvent-refined coal)

° Medium-Btu gas 1Téxaco process)

Evaluation Results.: The“characteristics-of the four selected

fuels are given in Table 3-18. A summaiy of the key input
parameters and the results of the economic evaluations are given

in Tablg 3-19.

Capital cost variations include koth the differences in equirment
requirements and differences in heat rates characteristic for .
different fuels. The fesiduai’oii and solvent-refined coal
capital costs are higher, primarily kecause of more significant
fuel handling equipment requirements and costs. The medium-Btu
qés capital costs aré less than those fpr.the basg case
distillate oil, primarilv‘because of a reduqtion in the solar
system size due to a credit for the pressure energy in the

medium-Btu gas.
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TABLE 3-18

FUEL CHARACTERISTICS

Parameter Distillate Residual Coal-Derived Medium-Btu
0il- (No. 2) | 0i1 (No. 6) | Liquid (SRC) | Gas (Texaco)

Fuel Analysis ) ]

(wt %Z for liquid)

(mole % for gas) . . 25.52 co,
c 86.5 85.6 88.41 37.14 CO
H 12.5 9.7 5.15 32.87 Hj
N 0.2 1.58 1.84 0.95 N,
S 0.8 2.3 " 0.78 0.30 Hps
0 - 0.42 3.72 0.01 C0S
Ash - 0.12 0.1 3.14 CHy
H,0 — 0.28 - 0.09 H,0

8353 7868 6742 1823

Heating Value (kJ/kg)
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TABLE 3-19

"ALTERNATIVE FUELS ANALYSIS

. Di$tilléte Residual .Solvent— Medium=
Item 0il 0il . | Refined Btu Gas
(No. 2) (No. 6) Coal AR
1978 Fuel Price ($/106 Btu) 2.35 2.00 3.00 3.50
Real Egscalation Rate (%) 11.61 12.03 10.5 10.5
. Annual 0&M Rate (%) 1.0 1.4 1.4 0.7
Strawman Daytime Average .
Heat Rate (kJ/kW) - 8441 8362 8272 8367
Strawman Net.Long—Term . .
Fossil Heat Rate.(kJ/kW) 8515 8403 8269 8417
Change in Equivalent Base: +.74° +1.1 +2.5
Capital Cost (%) - ' ‘
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Operatinq and maintenénce costsiwe;e based‘on.the distillate oil
case using an annual rate of 1 percent of initial capital cost,
escalated at an 8 percént annual rate in accordance Qith DOE
quidelines. The OEM rates for the other fuels were estimates
using maintenance_cost'factors from ak?ecent'EPRI report |
(Ref. 3-9) and the'aSsﬁmptionfthat maintenance constitutes

60 percent of total oEM costs, tased on the Enerqgy Convers1on

Alternatives Studv (Ref 3-10).

Fuel prices for distillate‘oili residnal oil, and'coal-detived
11qu1d fuel was obtalned from the DCE Requlrements Def1n1t10n
document. The medlum-Btu qas prlce estlmate is ‘based on recent
Bechtel studies. The fuel escalatlon rates are derlved from the

EPRI Technical Assessment Gulde (Ref. 2-1).

The results 1ndlcate that the hasellne fuel select1on of No. 2

dlstlllate 011 1s the most econom1ca1 choxce at th1s tlme.

5

3.5.5° " Nonsolar Thermal Perfcrmancelhnelysis

The miscellaneous equioment”associated with the nonsolar
subsystem does not.differ siqniﬁicantly fron.a conventionel
combined cycle plant,vwith thejposSihleeexception of the dailyv
cycling operation.; Nonsolar eqnipnent’netformance has no

significant impact on selection of the preferred system.
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3.6 .. ELECTRIC POWER GENERATION SUBSYSTEM

The electric power generation suksystem (EPGS) is‘used to convert
thermal enerqgy input, either fggsil or solar, to electric energy.
The nominal EPGS‘p:odﬁction cqbacity is IOOjMWé net. This

. production capacity must'be,attainabie under'bbth'hybrid'and

fossil-only opexatinqvmodés.

3.6.1 Comtined Cycle Overview

The ERGS in a hybrid power sgéfem can operate on any of several
the:quvnamig power qvcles; nggver; the combined cycle concept
has been identified in DQE- aﬁdiE?kiqéponéored studies (Refs. 3-4
and 3-8) as one of thé'moStlﬁiomisihg fossil cycles for this
solar application. Ié,has_a,hiqh thermal efficiency and has been
shown in these studies t6 btbmise a low kusbar cost of
electricity. It was théfeforelseiected.to'bé.the~EPGS for this
study. (The basic'combihed-cvcie éonéebt, és adopted for hYbrid
operation, is described in_qusection-i;i,z and is shown
schematically in Fiqﬁie‘141.)?w S
The,efficiencv of the combingdxqvcle.ié a function of the gas
turbine and the steam turbineycyﬁle:efficiencies and the HRSG.
effectiveness. On an ideallbaéis, itimqy.be expressed as

follows:
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E, = E_+ (E)) (1L - E) (E)

c t S
where:
E, = Combined cycle efficiency
Et = Topping Brayton (gas turbine) cycle efficiency
E, = HRSG effectiveness
E = Bottoming steam turbine cycle efficiency

For the gas turbine cycle efficiencv, Et,,the two parameters of
significance are the compressor rressure ratio and turhiné inlet
temperature. The sensitivity of the simple gas tﬁrbine cycle to
variations of these parameters is shown in Fiqﬁre 3-37. The
curves indicate that the efficiency is higher at higher inlet
temperature, but the incremental qain is declining with
increasing temperature to a point where negligibie qain in
efficiency results for inlet temperatures above 1316C (2400F).
Efficiencvy is.also higher with hiqher compressor pressure ratios,

to peaks that neocur at progressively higher pressure ratios as

the gas turbine temperatures increase.

The equipment size, and hence the cost, is a function of the
specific power parameter; the hiqher the specific power, the
lower the coust. TFigurc 3=38 shows the specific power paramcter
as a function of compressor pressure ratio and turkine inlet
temperature. The points of optimum specific power of various
turbine inlet temperatures are also indicated on the graphs. The

compressor pressure ratio for maximum specific power is shown to
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Figure 3-37 SIMPLE QPEN-CYCLE GAS TURBINE NET EFFICIENCY VS. COMPRESSOR
PRESSURE RATIO FOR VARIOUS TURBINE INLET TEMPERATURES
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SPECIFIC POWER, KWe/LB/SEC OF AIR
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Figure 3-38 SIMPLE OPEN-CYCLE GAS TURBINE SPECIFIC POWER VS. COMPRESSOR

PRESSURE RATIO FOR VARIOUS TURBINE INLET TEMPERATURES
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be less than that for maximum efficiency at a given turbine inlet

temperature.

For a qivén inlet temperéture. the gas turbine exhaust
temperature decreases with increased preséure ratios. As a
result, the peak steam turbihe cycle temperature also decreases
with increasing compréssor pressure ratio, with a resuitant
decrease in steam cycle efficiency, ES. Thus tbe optimum
efficiency of the combined cycle is achieved at conditions other
than the optimum for éither the qas.or‘the steam turkine cycle.
The HRSG is designed to reco;er the residual therméi enerqgy from
the gas turbine exhaust gases and use it té‘heat and evaporate
the feedwater and to é&perheai the steam. The enerqy recovery
effectiveness of the HRSG-is éééqted by the index Ee;' fﬁe
practical limit of the effec£ivéneés is set by the minimum
practical air temperature ét the.stack, which istbetween 135 and

150C (270-300F).

Another potential limitation to full enerqy recovery is the
minimum practical approach temgerature at the beginning of the
boiling process, qeﬁerallv known as the "pinch point temperature
difference." The effects of this limitation can ke seen in-
Figure 3-39, which is the temperature profile of the steam cycle
along with the gas turbine cvycle temperature profiles of the
Strawman and Advanced Strawman concepts. In the case 0of the

Advanced Strawman concept, the energy requirements of the
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feedwater heating match the enerqy'available from the air stream.
Thus, the air can be cooled to the optimum level. For the
Strawman, however, . the enerqv froq the air cannot beAfully
recovered bv»feedwater.heatinq, due to the pinch point
temperature difference limits. This results in higher cold end

losses, and consequently a lower HRSG effectiveness.
3.6.2 EPGS Size

In combined cycle power s&stems, the size of the EPGS is governed
by the size and number of gas turkines uéed. - This is Lecause the
steam turbine output for an unfired HRSG is directly related to

the Bravyton cycle exhaust enerqy and represehts 30 to 40 percenp

of the total plant output.

Depending on the manufacturer, large industrial single-shaft gas
turkines are produced in typical sizes of 50 MWe, 75 MWe, and
100 MWe. For larger plants, mulfiple gas turbines are used,
generally with one HRSG per gas turbine, feeding a single steam
turbine. The use of a single large steam turbine offers the
advantages of higqher efficiency and the possible use of steam
reheat. The heat rate of larqer comkined cycle plants is '
expected to be lower than that for a iOO MWe plant, and the part-
load heat rate would also be better. For these reasons, the
optimum plant size is expected to ke larger than 100 MWe. For
conventional combined cvclé plants, the optimum appears to te

approximatelv 300 to 400 MWe.
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Nevertheless, in the parametric studies the reference EPGS
subsystem was assumed to have a net generating carpacity of
100 MWe, which is in accordance with current DOE technical

guidance.

3.6.3 . EPGS Cycle Selection

- The parameters chosen for the EPGS subsystem and the selected’
ranges are shown in Table 3-20. The selecﬁidh of the FPGS cycle
conditions is the result of a series of individual tradeoff

studies.

Results of these énaivses are given in Tables 3—21‘shd 3-22. The.
evaluations were based on the preconceptual heliostat cost of

$93.u2/m2‘11h8ta1ied, 1978)(and“sn‘averaqe daily operation‘of'"
12.875 hours, which corresponds to a 48 percent capacity factor
at a 90 percent availability. It should be noted that the cost
values represent cost increments from the baseline cases due té

the parametric changes in design and/or operating conditions.

Compressor Pressure Ratio. Comgressor rressure ratio, which

determines the peak air pressure and the power aksorked Lty the
comrressor, ‘'is a key variable in gas turbkine performance. As it
was discussed in Subsection 3.6.1, this parameter is also closely
related to gas turbine inlet temperature. The net power output
of the gas turbine-generator is determined by the size of the

equipment and the practical efficiencies that can te achieved for
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TABLE 3-20

EPGS PARAMETRIC VALUES

' Advanced
Parameter ' : . Strawman Strawman
Pressure Ratios 8, 12, 16 8, 12, 16
Main Steam Conditions, MPa/C | 5.86/454 to 8.62/482 to
(Psia/F) . 12.4/510 © - 12.4/510
. (850/825 to (1250/900 to
1800/950) - 1800/950)
Receiver Outlet Temperature, C - | 760, 815, 870 982, 1093, 1204
' (FY e (1400, 1500, 1600) | (1800, 2000, 2200)
Air SystemaAP, kPa ' "~ | 27.6, 55.2, 82.7 68.9, 103, 138
(Psi) : , - (4, 8, 12) ' (10, 15, 20)
No. of Fossil Fuel Types (Liquid & Gas) 4 N 4
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TABLE Z-21

ECONOMIC EVALUATION OF STRAWMAN FARAMETRIC CASES

|

Operating Ccnditions

Cost Effect

Differential

Compressor | Air Systen |So.ar Rec'q Design kgggm Conditions Other Cadital Equivalant- Capital Total Differential
Pressire ! Pressure Prassure Point 3oler [Przssure, [Temperature Costs (1990 | Cost Duz to Fuel Equivalent Capital
Razio | Drop,PS1 Drop,PSI | Fraction P3IG $ x126) Escalation, 1990$x106 |Costs, 1990$x106
BProcal*  [P7poral® 2 | s 122 15%
i |
M®=8 8 4 593 800 950 - 26.7 -12.1 . -26.7 14.6 0
: 8 4 593 2450 950 - 12.7 -8.9  -19.6 3.8 -6.9
' 8 4 593 1250 900 - 7.4 -0.4 1 0.9 7.0 . 6.5
]
PR = 12 4 . .56 1450 950 - BA3E BASE BASE BASE BASE
; 8 4 .56 1250 < 900 - -4.9 1.3 . 2.8 -3.6  =2.1
I 8 4 .56 850 . 825 - -3.6 3.9 ., 8.6 -4.7 ", 0
PR =16 8 4 530 1250 885 - 1.3 16.3 | 35.8 17.6 . 37.1
‘ 8 4 330 850 885 - -7.5 15.4 ; 33.9 7.9 . 26.4
: : ; .
PR=12 4 2 .56 1450 950 - 15.5 -2.6 ' 5.6 129 - 1 9.9
4 3 .56 1450 950 - 12.6 -2.5 i -5.4 10.1 : 7.2
12 4 .56 1450 950 - ~0.9 Ls ¢33 0.6 2.4
; 12 6 .56 1450 950. - -11.6 1.6 ;3. -10.0 | -8.1
; 16 6 563 1850 950 - -10.7 4.3 9. -6.4 | 1.2
' 8 2 .563 1450 950 - 10.4 -0.2 " -0.3 0.2 ¢ 100
8 6 563 1450 950 - -7.2 0.2 | 0.3 -7.0 : 6.9
Re12 | 8 4 320, 1450 950 tTro = 1570 F 31.6 -18.1 ~39.7 13.8 -7.8
i 8 483 %50 .| 950 Tro = 400 F [ -43€ .7 ¢ 542 -19.1 10.4
il ! '
P oprR=12 | 8 4 .506 1450 950 Fired ERSG -5.% 1.7} 2s.8 6.4  20.5
‘ 8 ‘ -%69 1450 950/950 | Fired ERSG -9.5 2.5 60.4 18.0 - 50.9
; i Reheat . :
l 8 4 .508 1800 - | 950 Fired KRSG 10.4 7.3 1 16.0 7.7 26.4
8 4 165 1800 950/952 Fired HRSG 6.4 26.7 °  s8.8 33.1 65.2
i i . Reheat H
I pra16 ! 8 4 344 1800 950 Eired HRSG -2.9 30.9 | 67.8 28.0 64.9
[ pr= 8 8 4 340 1450 950 Interconled 42.4 9.1 | 19.9 1.5 62.3
D oproa12 8 4 529 1450 950 Intercooted 3.6 15.4 ' 339 50.0 78.5
PR = 16 8 4 520 850 825 Tntercooled 35.5 25.7 i s6.4 61.2 " 919
N 1
PR = ]2 8 4 357 1450 950 After Cooled 139.8 -10.6 : =23.4 129.2 11¢.4
: 390 F |
' 8 4 .183 1250 950 Farallel -67.7 50.6  111.1 -17.1 . 43.4
Combustor ! H
(2000 F) : i
8 4 563 1450 950 Cual Press 6.0 -19.9 l -43.7 -15.9 -39.7
: HRSG |
8 4 563 1450 950 Dual Press 7.1 -25.6 - | -s6.2 -18.5 ~49.1
HRSG R=heat }
i

*To comvert to kPa multiply psi values by 6.89
tTro = Receiver QOutlet Iemperature
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'TABLE 3-22

ECONOMIC EVALUATION OF ADVANCED STRAWMAN PARAMETRIC CASES

Operating Conditions Cost Effect
Dif i = :
Compressor | Air System | Solar Rec'r |Design Steam Conditions Other fA Capital Equitai%%%n é%ital Total Differential
|Pressure Pressure Prassure Point Solar Pressure, | Temperature. Cost{1990 ' [Cost Due to Fuel 6 Equivalent Capital
IRatio Drop,P'SI Drop, PSI Fraction PSIG F $x10°) Escalation, 1990 $x10 | Costs, 1990$x100
; AProart Proral* 12% 15% 123 " 15%
PR=8 15 10 .737 1800 950 - 51.4 18.2 40.0 69.6 §1.4
15 10 .737 1450 950 - 38.5 21.2 46.6 59.7 85.1
15 10 .737 1250 900 ’ - 38.9 27.8 61.1 66.7 100.0
! PR=12 15 10 .719 1800 950 - 12.7 =2.5 -5.5 10.2 7.2
[} .
5 15 10 .719 1450 950 - BASE BASE BASE - BASE | BASE
i 15 10 .719 1250 900 . - -0.7 5.0 10.9 4.3 10.2
! PR=16 15 10 .704 1800 950 - 3.7 -11.4 -25.1 -7.7 . -21.4
15 10 .704 1450 950 - . =7.9 -9.0 -19.3 -16.9 . -27.7
15 10 - .704 - 1250 900 E - T-12.5 -4.3 -9.4 -16.8 -21.9
PR=12 10 .719 - 1450 950 - ©11.6 -3.0 -6.6 8.6 5.0
. 10 L7119 - 1450 950 ’ - 9.2 -2.9 -6.4 6.3 . 2.8
. H )
! 20 10 .719 1450 950 . - -1.6 2.9 6.5 1.3 4.9 °
.i 20 15 .1n9s -+ 1450 950 - -7.9 3.2 B 7.1 -4.7 -0.8
i 15 5 19 | cweso | 950 - 10.0 -0.3 % 0.6 9.7 9.4
15 13 .719 . - 1450 QSP . - 1.2 0.3 0.6 1.5 1.8
25 20 .9 1450 950 - -10.7 5.8 ) -4.9,
. . B .
- “PR=12 15 10 .856 1450 950 [frro=2200F | 116.5 -36.5 -80.2 80.0: 36.3
15 10 .590 ) 1450 950 - | Tro=1800F § -89.3 34.7 76.4 -54.6 -12.9
PR=8 15 10 .737 - 1800 950/950 Reheat 67.5 12.3 27.0 79.8 94.5
i PRel2 i 15 10 .719 ' 1450 950/950 Reheat 11.2 -5.4 -11.4 5.8 -0.2
PR= 8 '% 15 10 759 . 1450 950 ntercooled] 67.6 37.5  82.6 105.1 150.2
! PR=12 15 10 .753 1450 " 950 Intercooledf 24.6 16.1 35.4° 40.7 60.0
]
| "PR=16 15 10 .748 1450 950 Intercoole 11.1 7.9 17.5 19.0 28.6
!
PR=12 15 10 .433 . 1450 950 Parallel §-109.3 88.4 194.4 -20.9 85.1
. Combustor
(2400F)

*#To convert to kPa multiply psi values by 6.89
+Tro = Receiver Outlet Temperature




the cycle components. Representative values selected for this

analysis are:

¢ Compressor efficiency = 0.85
° Combuétion{efficiencv = 0.98
L Turbine efficiency = 0.90
o Mechanical efficiency = 0.975
] 'Generator efficiency = 0.975

. Combustor pressure loss fraction = 0.05

For parametric analysis a base pressure ratio of 12 was seIeCted
for both plants. Parametric cases were evaluated for gressure
ratios of 8 andl16. To simplify the analysis of pressure ratio
as a separate parameter, the same main steam conditions of

10.1 MPa (1u56‘psia) and 510C (950F) were assumed throughout.

For the Strawman design, the economic optimuh bressuze tativ 13
approximately 12, as shown in Fiqure 3-40. One would expect that
the high cost of solar enerqy‘cpllection equipment would drive
the pressure ratios higher to achieve lower heét rates. However,
the desiqn complexity and cost penalties of the higher pressures
in the heat pipe receivers tend to favor the lower-than-

" thermodynamically-optimum pressure ratio. The solar fraction
Also increases with decreasing rressure ratios, because the

' compressor discharge temperature also decreases, allowing a

greater temperature rise in the receiver.

3-114



HANGE IN EQUIVALENT CAPITAL COST ($ x 106, 1990)

n
[

FUEL ESCALATION RATE — 12%
STEAM PRESSURE — 10.1 MPa/510C (1450 psia/950F)

+20 4

CAP|ITAL COST

+10 T
TOT

0-

-10 4 eyercosT

e ———— . SOLAR FRACTION

DESIGN POINT SOLAR FRACTION

8 12 16

COMPRESSOR PRESSURE RATIO

Figure 3-40 COST EFFECTS OF STRAWMAN
PRESSURE RATIO

3-115



The Advanced Strawman favors a rressure ratio above 16, as shown
in Fiqure 3-41. 1In additioﬁ to Lketter performance, the higher
pressure in the receiver allows higher heat transfer rates to the
air in the receiver tubes, whieh lowers both the cost and weight
of the receiver. Although the opti@um appears to ke akove the
range examined,. the total ‘cost cutve in this range is quite flat,
indicatin; that little additional .economic gain can ke expected
with pressure ratios above 16:1.. There are Qreater uneertainties
associated with ceremic'receivers designed for higher pressures.. -
In light of these uncertainties, the pressure rat}o of 16:1 was

selected.

Main_ Steam Pressure and Temperature. The pressurellevel at the

steam turblne throttle is one of the most 31qn1f1cant parameters
for determining the performance of the steam.bottomlnq cycle.
Temperature was not studied as an ihdedendent parameter, kut
pressure/temberatdre cembihations were selected for analysis that
are‘tvpical of Stendard Steam turkine designs in the 25 to 50 Mwe

range.

The pressure ratio is alse a significant factor in the selection
of the steam conditions, because the gas turbine exhaust (HRSG

inlet) temperature (T ) is related to the turbine pressure

EXH
ratio by the adiabatic expansion equatlon:
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: k

o _ <PEXH>k—l

EXH IN PIN
where:

TIN = gas turbine .inlet temperature

PEXH ‘ ’

5= = reciprocal of the turbine pressure ratio

-7 IN ' :
k= specifitheat ratio

Calculated values for the gas fdrhine‘exhaust temperatures, based
on the Strawman and Advanced Sérawman gas turbine inlet

temgeratures, are stown in Table 3-23.°

To extract thelmaximum’heat fibm the qaé turbine exhaust, it is
desirable to minimize the HRSG gas outlet temperature. The
technical limii is the acid dewpoint temperature at the énd of
the gas path in the HRSG on the metal tube surface. This metal
temperature should be maintéined akove 121C (250F) to minimize
cold end corrosion. 2 minimuﬁ HRSG exhaust température of 149C

(300T) was selected for'paramet:ic analisis.

The pinch point temperature difference is also a significant
factor. (This is discussed in Suksection 3.6.1.) For practical
desiqns, the minimum pinch point temperature difference should
not be less than 16.7C (30F). This consideration was of

particular significance in the Strawman design.

The optimum steam pressure and temperature combination for the

Strawman with a pressure ratio of 12 is approximately
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TABLE 3-23

EXHAUST TEMPERATURE VS. PRESSURE RATIO

Exhaust Temperature, C(F)

"'3i119

Compressor
Pressure Ratio St;;;man , Adbanced Strawmén
8 614 (1137) 781 (1438)
o T " 538 (1001) 688 (1270)
16 - W91 (915) 629 (1165)




6.0 MPasz4u41C (850 psias825F), as shown in Figqure 3-42. This case
is pinch point limited with an évaporator temperature of 287C
(549F¥) and a HRSG gas outlet temperature of 172C (342F). Methods
for reducing the gas outiet temperature have been investigated
and are presented in the following discussions on "Supplemenfal

Firing of HRSG" and "Dual-Pressure Steam Cycle".

For the Advanced Strawman, with the optimum pressure ratio of 16,
the best combination of pressure and temperature is

between 10.1 MPa/510C (1450 psiars/950F) and 8.7 MPa/u82C

(1250 psia’/900F), as shown in Fiqure 3-43. "These cases are not
pinch point limited, since the calculated pinch points are

between 22 and 28C (40 and SOF).

Supplemental Firing of HRSG. A kurner system can be added to the
HRSG to effectively increase the HRSG gas inlet temperature and
to increase the power output of the steam turbine. The

advantaqes of suprlemental firing are:

° It can increase the total power output for the same gas
turbine size.

. The operational flexibility can be increased, especially
for part-load operation.

e It can overcome the ginch point limitation in the HRSG
with a small amount of supplemental firing.

The primary disadvantage is that the supplemental heat input is

utilized at the efficiencvvof the kottoming cycle, typically less

3-120



CHANGE IN EQUIVALENT CAPITAL COST ($ x 106, 1990)

+20 —

+10 4 -

=4
]

-10

FUEL ESCALATION RATE — 12%

L 510 (950)

L 482 (900)

| 441 (825)

TEMPERATURE -
”~
~
PR
7
/./
/
7

V4

T 1) T T
6.0 8.7 10.1. . 125 -
(850) (1250) (1450) -~ (1800)

MAIN STEAM PRESSURE, MPa (psia)

Figure 3-42 COST EFFECT OF STRAWMAN MAIN STEAM
PRESSURE/TEMPERATURE

3-121

MAIN STEAM TEMPERATURE, °C (°F)



CHANGE IN EQUIVALENT CAPITAL COST ($ x 106, 1990)

+60

+40

+20

FUEL ESéALATION RATE — 12%

TEMPERATURE

o m—————— - 510 (950)
o
i 482 (900)
Y 4 . : o B ;
7/
o/
7/
”
< S ‘ . . 441 (825)
| | B ; B | - ~ Y
6.0 | 8.7 104 . . 125
(850) " (1250) (1450) ‘ (1800)

MAIN STEAM PRESSURE MPa (psia)

Figure 3-43 COST EFFECT OF ADVANCED STRAWMAN MAIN STEAM
PRESSURE/TEMPERATURE -~ o

3-122

MAIN STEAM TEMPERATURE, °C (°F)



than 30 perceni. ihus, bdth:the net heat rate of the overall

plant and its capital cost are higher.

A rande of cases of sﬁppleméhtél fifinq were evaluated fof fhé
Strawman desiqh ihéluainq several combinations of steam
pressure/temperature and the use of a reheat turbine. For the
baseline 12 percent fhel escalation rate, none of the cases
showed any economic advantage. Some eéonomic advantage was
observed in éhal?ées'usinq low-cost heliostats ($68 per m2). It
should also be noted that this firing of the HRSG also decreases
the solar fraction. No fired HRSG cases were evaluated for the
Advanced Strawman (Since these cases were not pinch point
-limited), ‘but the akbove reasoﬁing for the Strawman is generally

jvalid for the Advanced Strawﬁan as well.‘

Intercooling and Aftercooling. Intercooling and aftercooling of

the air during the compreésiOn process can have advantages in

- some Brayton cycles. Intercooling involves cooling the
compressor air at an intermediate compressor stage. With
intercooling the size of the compressor and the power consumgtion
can be reduced, yvyielding a large gain in specific power.
Conversely, aftercooiinq is used to reduce the temperature of the
compressor outlet air. Both of these methods resu}t;in lower
receiver inlet temperaturg,,and the solar fraction is:increased
for a hvbrid'plant in relation to the amount by which the
coﬁpressor dischafqe‘temperatu:e is. reduced. A higher pressure-

ratio is generally more favorakle to. intercooling.. The
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disadvantage is that, because of the low temperature, the

extracted enerqgy cannot'be‘piacticallv used in the power cycle.

The intercooling cases evaluated use an ‘intercooler gas outlet
temperature of 66C (150F) and a single stage of intercooling. As
evident from the results shown in Figqures 3-uu and 3 4S5 for the
Strawman and the Advanced Strawman, 1nterc0011nq does not offer
economic advantages in the hybrid plant. (The re1at1ve
equivalent capital costs are all positive,. indicating that they

are more expensive than the base case.)

Aftercooling of the coﬁpresSédeiscﬁarge does not impact the
compressor specific power but does rroduce héat that is useful to
" the stegm cycle. The Strawman Qesiqn was evaluated with anl |
aftercooler air outlet temperature of 149C (300F). The heat
réiected to the aftercooler was used to generate additional
intermediate-~pressure steam for a dual-pressure steam cycle. The
attercooler significantly 1ncreased the solar fraction and
increased the relative output of the steam turkine. However,
there was a loss in plant performance, since the rejected heat

was utilized at the bottoming cycle efficiency.

.SteamuTurbine Rehéat. wsteém turhine reheat can improve the
efficiency of the steam bottoming cvcle and has an economic
advantage in most:steam»power'plants. However, a survey of
turbine manufacturers concluded that efficient steam turkines

with reheat are not generally available below about 75 MWe.
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Several manufacturers~stated that they cOuid suppiy such units;
but that it would not be a standard desiqn. There has been
little incentive for developinq small reheatfturbines, but a few
units of 50 MWe capac1ty or 1ess have been bu11t and are -

operating successfullv.

Reheat was ‘evaluated for both the Strawman and the Advanced
Strawman. For the baseline Strawman, with 1043C (200F) turkine
1n1et temperature and unfired HRQG. not enough hlqh-temperature
heat is ava11ab1e in ‘the gas turbxne.exhaust for reheat to ke
effective. Reheat can be successfully applied to the Advanced':
Strawman, since the pinch point does'nOt interfere. A slight
economlc advantaqge was also found for the reheat cases evaluated.
For the purposes of this study, it was concluded that steam ’
turbine reheat should be conS1dered an’ 1mprovement with overall

plant ratings above 200 MWe .

Dual-Pressure Steam Cycle. A steam cvcle which uses two
evaporators and produces.steam.at‘two different pressures for use
in the steam turblne is one way to extract more energy from the
Strawmau HRSG to ‘vircumvent the pinch point 11m1tat1on. This
cycle arranqement has been used in studles involving integrated
combined cucle/coal gasification’plants, which require.
'ntermediate-pfessure (IP) process steam. In the approach shown
in quure 3-46 a small amount of superheat 1s added to the 1P

steam to match the temperature of the turblne expans:.on 11ne at

the IP induction port. The result 1s a double pinch roint and a
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better match between the gas and water/steam temperature

profiles. A diagram of this cycle is shown in Figure 3-47.

Westinqhouse studies of combined cycles with dual pressure
indicated that, in general, the optimum main steam pressure for
cycles like the Strawman design was approximately 6.9 MPa

{1000 psia); the maiinuM"attainahle temperature is

approximately 510C (QSOF) for a rressure ratio of 12 and using

a 28C (50F) approach tehperature at the HRSG gas inlet.
Subseqnent analysis of higher and lower pressures confirmed that
this is approximately optimum when‘the net output for a given
heat input was used as the’fiqure of merit. The optimum IP steam
pressure is usually between 20 and 25 percent of the main steam

pressure, accordlnq to Westlnqhouse ‘studies.

Preliminaryiestinates show tnat the optimum dual-gressure cycle
willhresﬁlt in a 13 percent increase in steam turtine output over
the.baSeline with no increase in the heat input. The calculated
netvheét rate for the cycle is apbreximately 7948 kJ/kWh |
(7534 Btu/kWh), corresponding to a net cvcle eff1c1ency of

approx1mate1v us 3 percent.

A reheat version of the same dual-rressure cycle was also
examined. The discharge from the high-pressure turbine section
is combined with saturated steam from the IP drum and the mixture

is ‘routed th;ouqh the reheater. A small gain in overall cycle
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performance was found for this case, with a calculated heat rate

of 7859 kJ/kWh (7449 Btu/kWh).

An additional advantage of the dual-rressure steam cycle is the
akility to run at reduced gas turkine inlet temperatures. A
calculation was made for a turbine in1e£ temperature of 871C
(1600F) using a constant HRSG surface area and configuration, and
decreasing the main steam temperature and pressure to match the
steam flows at wide open tufbine throttle valves. Under these
conditions, the net power output wo@ld be 56.5 MWe with a heat
rate of 9850 kJ/kWh (9340 Btu/kWh). The solar fraction with a
receiver outlet temperature of 816C (1SOQF) would be 0.89. The
capability to operate the hybrid plant to run at reduced output
with high solar fraction significantly adds to the'value of solar
hybrid systems for utility companies. The economic advantage

achievable for this cycle is shown in Table 3-21.

Conclusions. The results of the rarametric analyses indicate

that the preferred EPGS arrangement for the 100 MWe Strawman

plant should have:

. A pressure ratio of: 12

e A dual-rressure steam cycle with 6.9 MPa (1000 psia) and
1.7 MPa (250 psia) with 510C (950F) main steam’
temperature

. A total pressure drop of riser/downcomer and receiver
of 82.7 kPa (12 psi), equally split between receiver and

piping

e A gas turbine inlet temperature of 1093C (2000F)
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The preferred EPGS arrangement for the 100 MWe Advanced Strawman

plant should have:

A pressure ratio of 16

A single-pressure steam cvcle with 8 7 MPa (1“50 psiq)
and 510C (950F) main steam

) A total pressure drop of riser/downcomer gnd»ieceiver
of 137.9 kPa (20 psi), of which 103.4 kPa (15 psi) is
for the receiver . . .

. A gas turbine inlet temperature of 1316C (2400F) -
3.7 MASTER CONTROL

The purpose of this subsystem is to coordinate the operation of
the other subsystems and to allow the plant to respond as a whole
to external signals such as load demand. The master control
subsystem is also used for data loqging and performance trending

of systoem parameters.

Most of the work on the master écntrol subsysteh is conqerned
with collector subsystem control, which is identical in tkoth the
Strawman and the Advanced Strawman systems. Due to the
concepﬁual level of the desiqns, only general cosérol concepts

have been evaluated for the receiver suksystem.
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3.7.1 Master Control Concerts.

The major considerations for design of the master control

subsystem are:

. Compatikility Qith other éubsystem'controls
;9* Transient response time requirements

. Operational flexibility A

o simplicity and reliabiiitv

e Maximum stability

. Cost effectiveness

The block diagram of the kaseline preconceptual master control
subsystem, applicable'tb both the Strawman and Advanced Strawman
concepts, is shown in Fiqure 3-48. It consists of a hybrid
controllsvstem, which has an analog éontfol for the'receivér and
combined cycle portions of the plant. This ié,consistent with
current power plant practice and easily compatikle with the
analog control circuitry of the gas turtine, steam turkine, and
HRSG. A central computer is rrovided for the collector éubsystem
since it has a diqgital control profile. An interface device is
needed for analoq-toidiQIfai conversion and an operator's control

panel is provided.
Two alternative concepts have been rroposed. The first is a

larqge computerized centralized rrocessing unit (CPU) which has

overall control of the plant and is capable of such functions as
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automatic startup and load follcwing. A centralized computer
system has been proposed by Westinghouse on their PACE combined

cycle plants but utility accep%anbe was limited.

The other approach is to use an pyerall digital philosophy tut ﬁé
use microprocessors dedigated io imﬁartant‘control loops rathef
than a 1arqé CPU. This:hqs the advaﬁtage of eas? éoofdination;
maximum reliabiiitv; aﬁd low cost;‘ Westingﬁopse's Instrument
Systems Diviéion has recently ptopoéed this approach for comktined
cycle controi; An evaluation of these ﬁroposed concebts for use
iﬁ the solar hybrid system was conducted during thglconceptual_

design task.

Collector’Subsystem Cbntrol.CcncgE§§. Coﬁcepts for collector
sﬁbsvstem:contiol-range from mastér computér control of all
heliostat,positions, to master éomppter controls providing 6n1y
triqqer siqnals to heliostat positional control by "smart"
heliostat controllers at each héliostat. Intermediate c0ncepté
between these extremes feature heliostat group control by |
heliostat fiela controllers. Master computer control of all
heliOSta; positions, which would have to perfo;m 5000 to GOOOA
mirror steering‘algoritﬁms per second, would represent a~mas$ive

computing and communication load. .
The basic tradeoffs for the collector subsystem segment of the

master control subsystem center on the deqgree of decentral-

ization of the computation of the heliostat steering algonithm.
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The two basic candidate configurations of collector subsystem
control, intermediate and decentralized, are shown in

Figure 3-49.

Both systems meet the control requirements for the collector
subsystem and are different primarily in the state-of-the-art of
their development. They can be considered as sequential
evolutionary steps of the same basic system. The intermediate
system uses components and software currently in productioﬁ for
technically similar equipment at most points and only slightly
modified production components for the remainder. The
decentralized system combines the "heliostat-essential" elements
of the field and heliostat controllers into a unitized, so-called

"smart heliostat controller" for low—-cost high-volume production.

In the intermediate heliostat control approach, an array of about
200 heliostats is controlled through a heliostat field controller
(HFC). This consists of a minicomputer-multiprogrammcr nct;ork
intcrfaced at the minicomputcf to thc heliostat array controller
(HAC) and at the mulfiproqrammers with the individual heliostat

controllers. - The HAC calculates and transmits to the HFC:
. Solar vector direction cosine data

= Operating mode specification data

] Target coordinate data
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The HFC (nominally an HP 98258 mihiéohputer) then performs thé
steering algorithms for each heliostat in its group and
communiéates the individual requirements-to fhe multiprogrammer
for communication,  execution, and verification inteiaction with
the HAC. Both the minicomputer and‘mﬁltiproqrammer are wiéely
used in process control and data acquiéition applications. The
200 heliostat field qrouping permits‘hode'controlland flux
control for Subsyétem seqmentsﬁés smaflAas 4 percent of the
heliostats. This is well withinzthe 10 peréeﬁt specified in the
Requirement Definition.' The size of the HFC minicomputer is
approximately one-tenth é: the HAC combute;‘- 23,000 kyte storage
vVS. 256,000 byte storage. Bofh cbmputeré.are equipped with
217,000 bvté'méqnetic tape storage which will likely Ly accessed

only as mode changes are made.

The HAC (a 256,000 byte memory versicn of the HP9835A
minicomputer) interfaces with the master contibl and a time
signal qenefator at its input;<én&fwith the.appfoxiﬁately 25
field controller computers at its.output. It performs an ongoing
update of the solar vector calculation and transmits the updated
direction cosines apbroximatelv ohce a second to the field
controllers. The HAC proqraﬁ routineé'also establish the
required target k,Y,z coordinates: for ' the field for the
applicable operational mode. The target coordinates véry with
the operational mode and are acted upoh by the steering algorithm

to achieve the desired reflected ream and axis positioning.
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In the decéﬁtralized heliostat ccntrol approach, the controllers
‘employ the technology cu;rentlv used in so called "X-Y plotters".
In both the heliostat control and plotter applications, the
required positions of two independently powered axes are
calculated externally and communicated to an internal
micropfocessor control at the heliostat, which executes the
required positional drive response. 'The microprocessor .control
electronics of the plotters serve as foundation for the design of
the heliostat control. In addition to providing fast and '
accurate response to calculated position commands, the plotter
control has an override:mode, which is kasically similar to the

acquisitiOn and stow modes of a hLeliostat.

Similar to the plotter technology, the heliostat drives use
stepper motors and calculated positions kased on step count
rather than either AC or DC motors with encoder position
monitoring., Baseline position knowledge derived from limit
switches at the ends of travel in the plotter would ke used with

the heliostats.

Collector Subsystem Control System Selection. The intermediate

collector control system has the advantages of:

° Low capital cost
® Low operation and maintenance cost
° High reliability

® System flexikility
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By using proven methods and equirment for technically similar
applications, the collector écnéroi can take off from a tase of
current industrial practice and technical maturity with a minimum

of deveélopment.

For near-term minimum cost, equirment already widely produced was
selected. For high reliability and flexikility, the same
manufacturer's proven equipment was chosen for all three
controller levels. The intermediate system is availakle [or
immediate application with prototype heliostats, the hykrid
critical experiment, .and/or the first full hybrid plant.
Operational experience with fhe:intermediate system in one or
more of the early solar installations is desirable Lkefore
establishing the detailed confiquration of the decentralized

control.

The evolutionary step to the decentralized control involves: 1)
simplifving the desiqn to narrow the electronics\to only those
required by the heliostats and 2) combining the computational and

response functions at the heliostat controller.

Receiver Gonirol Conqgégg. As discussed in Subsection 3.3.9, the
best approach to therpefation of ihe receiver is to use constant
air flow, which simplifies the necessary controls. Thé‘flow to
the panels of a receiver anitv can ke set bv fixed dampers at
the inlet to each panel. The required daily adjustments in the

distribution of flows to individuval cavities can ke accomplished
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with butterfly valves in the riser kranch rpipes. The outlet
temperature from each panel.is monitored and if the maxiﬁum
allowable temperature.is exceeded, a siqna1:i$ qiven,tq defocus
the heliostats. The receiver bkyrass is conceptually a series of
block valves. Fiqure 3-50 shows the relatioﬁship tetween the

receiver control blocks and master control subsystem.

EPGS Control Concepts.. The contrcl concept for the EPGS is very

similar, to that fo;-a:conventiqqal comhined cycle plant. The
controlé for the'HRSG,.the_steam cvycle, the electrical equipment,
and the balance of plant equirment is identical to the
conventional plant.. The gas turkine, especially the comkustor,
presents some conditions unique to thris type of plant, although
not really new in concept. Fiqure 3-50 shows the relationship

between the EPGS control blocks and the master control suksystem.

3.7.2 '~ Master Control Analvysis.

.Collector Subsystem Control. Primary control requirements for

the collector subsystem are stated in the Requirement Cefinition

as follow:
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o Perfbrmance
Maximum pointing errcr for each axis must be 0.75 mrad
(2.58 arc-min) at solar rositions above 0.26 rad (14.99)
solar elevation angle.
. Operation
- Flux must be varialkle ketween zero and maximum
with step changes. no larqer than 10 percent of
collector enerqy. .

- .POSltlonS to stow, cleanlnq, or maintenance

‘ orientation must ke achieved from operational
positions within 15 minutes.

- Field control sinqularity (i.e., over-the-shoulder

~limits or gimbal lock) must. be resolved within 10

minutes.

- Orientation must ke available to master control at
all times. Calculated angles acceptakle.

o safety

The collector field mist ke defocusSable to less than 3
. percent flux in 120 seconds.

Achieving the sgtecified performance, operational, and safety
requiremenﬁs has been~accomplishéd in the collector suksystem Lty
1ncorporat1nq kev supportlve features in the hellostat drive

mechanical equlpment drive mctors, and controlq.

The pointing a?égracv budget oflo.js mrad per axis is split
between mechahfcal'backlash (0;3é~mrad in‘tﬁe.eievation drive and
O.AS’mrad,in the'aéimuth drive) and the controlldeaa kand

" (0.3 mrad). One's;ép of the stepper motor results in the minimum
potential coﬁttol’ihc;ement of 0.0075 mrad for the elevation axis

and 0.0089 mrad for the azimuth axis. Control pulses as large as
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30 .steps are possible within the stan of the control dead band‘._
and will be tyﬁical»while operating in the tracking mode.

Control of,flux”variations.wi;h,steps nc larger than 10 percent
is accomplished by sizing the collector segment serviced ky each
HFC. The conceptual désiqn selection of 200 heliostat groups for
unit HFC control results in flux steps of 4 percent of full
power, -well :within thé specified .limit.

Positioning to stow,ﬁcleaniﬁq,<or maintenance orientations within
15 ‘minutes is accomplished with .margin by the stepper motor speed
of 1000 steps per second selected.for slew operation. This
results in time for full .travel of-3.14 rad (180°) in elevation
of 6.9 minutes and of 4.71.rad (270°) in azimuth of 10.4 minutes.
For the Superior-Model M112-FJ326 stepper motor of the

Northrup II heliostat, rated torque is maintained over the range
of 1 to 1500 steps per second. This heliostat is of the same
generic design as..the MDAC 49 m2 heliostats (McDonnell Doqglas
Astronautics Company). and offers ready access to more detailed
design data. This spans the rlanned motor speed range of the
heliostat: tracking speed (250 steps per second) to slew speed

(1000 steps:' per second).

To ensure: that the collector resclves.any field singularities
within 10 minutes, a study was made of the heliostat tracking
angles and tracking anqgle rates for summer, equinox, and winter

for  the heliostat positions around the field periphery and those

)
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near the north-south centerline. Sample positions are shown on
Fiqure 3-51 overlaid on the layout of the "G" field. Samples are
identified from 1 to 10 taken counterclockwise around the western
half of the layout. Results of the tracking angles and their

seasonal variations are shown in Fiqures 3-52 through 3-61.

The first evident singularity is in the summer curve for Sample 3
and occurs at 17.5 hours. The heliostat does not lose tracking
because the required azimuth rate of 332°9/hr is within the
azimuth tracking speed of 460°9/hr. Samples 4, 5, 6, and 7
encounter both positive and negative singularities, btut not of
sufficient magnitude to lose tracking. Samples 8, 9, and 10
follow the benign pattern of samples 1 and 2, typical of
heliostats generally north of the tower. With the "G" field, the
sinqularity specification is met and exceeded, since heliostats

continue tracking through periods of sinqularity.
Defocusing within 120 seconds is accomplished with a large
margin, due to the slew speed needed to meet the "stow, cleaning,

maintenance" requirement.

Receiver and EPGS Control. The analysis of control for these

subsystems was limited to the identification of significant
control issues for consideration in the conceptual design. These

issues are:

® The reaction of the receiver and the combustor control
systems to the rapid cloud passage transient
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Figure 3-51 HELIOSTAT POSITICNS USED TO ANALYZE TRACKING SINGULARITY RATES
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o The reaction of the system to a large leak, espec1a11y
involving sodium from the heat pipes : ,

° The reaction of the receiver and gas turbine to the loss
of electrical load on the generators

3.8 SYSTEM ANALYSES

System-level studies performed include caergy storage capacity
and the solar fraction. Svystem considerations analyzed in the
parametric analysis phase and dealt with in more detail in the
conceptual design phase include plant size and the solar multipie

and field/receiver power ratio.

3.8.1 Plant Size

The solar hybrid power‘plant selected for study in phe

preconceptual design studies was a 100 MWe plant, according to
project specifications. Recognizing that this may not be the
optimum size, key cost and performance sensitiyities to plant

size were identified during parametric analyses.

Using the sinqle—receiver.tower arrroach, scaling studies show
that solar system enerqgy costs and performance have relatively
minor sensitivity to size, until atmospheric attenﬁatidn éffects
become significant at plant sizes around seVerai hundred
megawatts. Conversely, the comkined cycle §osts {(in ddllars pef
ihstalled kilowatt) and.cvcle efficienciéé improve significantly

in the 100 MWe to 300 MWe range. .Therefore, the,optimum plant
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size is expected to be larger than 100 MWe. (See alsc
Subsection 3.6.2 on EPGS size.) ' ‘ A

hooL [ f
T . .

-

3.8.2 Solar Miltiple andfFie;a/Receiver Power Ratio

Y . )

Since enerqy storage is not recommended, larqe increases in the
solar multiple are not required However, small 1ncreases in the

solar maltiple correspondlnq to f1eld/rece1ver power ratlos of

L3 \ » ‘

qreater than one cou1d 1mprove both the solar fractlon and the

4 *~

1'1’

plant economlcs. Tbls concept was' further 1nvest1qated durlnq

conceptual design. T

3.8.3 Storaqge Cééacitx

%

N KRN

The solar/f05311 comblned cvcle hvbrld svstem that Bechtel
orlqlnallv proposed for thlS studv 1n June, 1978 d1d not include
an energy storage subsystem. Thls is because the excellent

response time of fossil ‘fuel rn1ect1on";nto the combined cvcle

plant obviates the need for buffer'etoraqe;

A systems study was conducted tofinvestigate the economic
feasibilitv‘of lonq-term“enerq?fstoréqe; The vprimary thrust of‘
this 1nvest1qat10n was dlrected at determlnlnq the "value" of
enerqy storage, rather than the techn1ca1 deta1ls and costs of a
specific enerqy storage svstem.- Thrs‘veluefls deflned as the
equivalent capita1~cost‘of thevfuei'eévinqs-aseociated‘withAthe

incorporation of "storage, less the associated increased capital



cost of the éolar svstém,hnot inéludiné ihé eﬁérgy‘storage.system,
cost itself. The increased cost.td phe'spiaf évstem includes,a;
larqger colleétor field, receiver,”tower, and additional
riser/downcomer pipihg._ This'valug is therefore also the

breakeven cost of the enerqy storage system itself.

Loy ~
i ¢

Energy Savings. The effects of adding energy storage to the

hvkrid plant are shown schematicallv in Figure 3-62. For the
Strawman plant the maxlmum electr1ca1 meqawatts qenerated ky the
solar system dlrectlv is 53 MWe due to the 53 percent solar
fraction at the design point with maximum receiver outlet
temperature. As the solar system size is increased, surplus
enerqgy is diverted to enerqgy storaqe; Eéssil fuel energy saﬁings _

result from displacement of fossil energy during the day.and

evening by the enexrqgy from storaqe;

a compuier proqrém STORSi& was devélopedito compute the annual“
fossil enerqy savings. Hbu;-pyfhour Wenérgv delivered to the
receiver® data, prepared for apié}}iptiqﬁlvfield with a 180 m
(591 ft) tower, was used as input to the program. The program
assumes constant syspemAefficigpcies'forvthe ;eceiver and
electric power generation subsvstgms anq_also assumes that Qirect
solar insolation levels ofvgreate? th%n_9$b'w/m2'resulté in
enerqy spillage. The hdprlv'daﬁg is based;on‘a reference Barstow
weather tape for the entiré feaf of 1976, with actuai insolation

levels and cloudy periods included.

2
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Results of the STORSIM program runs are summarized in Figure 3-63
for solar multiples up to 2.5. Since the fossil fuel energy
savings depend upon the storage system turnaround efficiency, a
range of efficiencies of ﬁo percent to 100 percent is included to
cover the hdjorif§;of currently rroposed enerqy storage concepts.
As a first approximation, the enerqy savings shown assume a

100 percent plant availabilitvy.

value of Storage. A second computer program VALSTOR was written

to compute the value 6f storage. This program computeS'Fhé
equivalent capiﬁal cost of tﬁe élént lifetime fossil fuel savings
for a plant starting 6peration in. 1990 for a range of solar
multiples up to 2.5. It alsé'computes\the increased solar systeﬁ
cost for the same range of sélar~mu1tipies and subtraéts‘this'
cost from the equivaient cépital cost fuel savings to determine
the'&alue of stéraqé.  The prbqram uses the preconceptuql
baseline Strawman plant‘performance and costs. Solar svsteh cost

variations are computed using the following assumptions:

1. Tower cost: Sandia tower equation (Ref. 3-11)
2. Receiver -cost: :
P.\ 1.1
W = K * '
Ri RW <PR>_
Pi 0.9
C.,. = K ==
R1 : RC (PR>
3. Collector field cost: - -~ =
: ' P., 1.05
c.. = K ==
Ci C (PR>.
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4. Riser/downcomer cost:

o B K (Pl> 0.7
7Di D \Pp
where: .
WRi< = Recelver weight
Pi'. = Parametric power .
Pr = Reference power
C,. = Receiver cost
Ri1
Co; = Collector field cost
CDi = Riser/downcomer cost
K K KC’ and KD = Proportionally constants

RC’

A plot of iﬁcreased“solar svstém éost and marginal solér system
cost versus solar multiple.is given in Figure 3-64 in 1990
dollars. It can be seen that over the solar multiple range of
interest, the solar system cost is essentially linear with power

delivered to the receiver.

The value'of energy storage for a range of fossil fuel escalation
rates is shown in Figures 3-65 and 3—66. In Figure 3-65, which
shows a 100 percent enerqy storage system turnaround éfficiency,
a fuel escalation rate of 12.5 to 13 percent is necessary before
a positive value of storage can ke realized. In Figure 3—66,
which shows a 60 pgrcent turnaround efficiency, a fuel escalation
rate of 13 to 14 percent is necessary. The actual turnaround
efficiency of enerqy étoraqe suksystems is expected to ke
somewhere between 60 and 100 percent. Hence, a fuel escalation

rate of between 12.5 and 14 percent would be necessary to realize
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a positive value of storaqé.:fthié is'illnsiréted further in
Fiqure 3-67, where information from Fiqures 3-65 and 3-66 has
been replotted for a solar,mﬁltible‘of 2.

Since the escalation rate of.diétiilate oil expectéd Ly utility
companies is 12 percent or less, it iszabparent tha£ the addition
of enerqgy storaqe~would:no£’§e écéﬁomical for a 1990 rlant, even
if the capitalvcoséiof the éﬁérévﬁstoraqe'system'itself were

e %

Zerxro.

Economic_Evaluation. T?piéalfébséiand ééffofmance values

(Ref. 3-3) for thﬁee"diffetént”hiqh4temperatﬁre energvAstoraqe
systems are shownAin Tabie 3&2#;[ USinéiﬁhe valﬁés for the
lowesf—céét storaqge systemjiﬁ;conjunction;with,Figures 3-65,
3-66, and 3-67, it can be dédgéed.éhat-thé-cht of energy storage
itself would increase,thé,b:eékéﬁepqfuél,escalation rate by 0.5
to 1 percent. 'Tﬁis resulté.in,p&etéliubréakeven ra£es ketween 13

and 15 percent. S

For reference purposes,'Fiqure'3-68 was generated using the
STORSIM program for the peék.inébiatiOn day. ‘this fiqure relates
the hours of storage neceséavafb acqomﬁodate any solar multiple
on the peak insolation day fdr.a,range of.storaqe system
turnaround efficiencies. 1Ea¢b hoﬁi of storage is defined as
being capable of de;ivérinqﬁido NWhlof eiectric-energv td the

power qgrid.
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TABLE 3-24

HIGH-TEMPERATURE ENERGY STORAGE SYSTEMS*
100 MWe PLANT

Storage System
Item Thermal, Thermal
Phase Sensible Thermochemical
Change Heat o
Turnaround efficiency (%) 62 72 57
Cost in $1975
Stored energy cost ($/kWh) 16.3 48.7 ?5
Discharge rate cost ($/kW) 66 44 441
Cost of-6 hours Storage (S$/kW) 164 336 472
Cost in $1990 (millions) 68.5 140.3 197.2
*Source: "Closed—Cycle; High-Temperature Central Receiver Concept for

Solar Electric Power,'" EPRI ER629, Boeing Engineering and
Construction, January 1978. '
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Although enerqy storage does not arpear to be economical for a
‘1990 plant based on the above assumptions, the hybrid plant can
accommodate energy storage at a later date and/or if the cagital

cost and escalation rate assumptions change.

Figure 3-69 shows a typical schematic of how enerqy storage would
probably be incorgporated into the solar hytrid plant. The
combined cycle plant compressor air flow is mainpained to the
receiver from sunrise until the. receiver air outlet temperature
reaches the design value of 816C (1500F) at the 53 Mwe level.
Then the variable-speed storage system compressor is activated to
maintain the maximum 816C (1500F) receiver outlet temperature.
The receiver air flow increases, reaching a peak at noon and then
decreases until the storage system compressor reaches zero flow
at fhe 53 MWe level. At this point, energy can be extracted from
storage by diverting flow from the receiver through energy
storage in the reverse direction. |

.........

Conclusigns. The tollowing statements summarizé the study

results reqgarding enerqy storaqge in the hybrid plant:

] In view of the excellent response time of the hybrid
combined cycle concept, buffer storage is not required
for any operational reason.

° Considering typical enerqgy storage system costs, the
value of enerqy storage would ke positive only with fuel
escalation rates exceeding 13 to 15 percent for a 1990
plant. This compares to present projections of long-
range fuel escalation rates of 12 percent or less.

° Hiqgh temperature enerqy storage technology is in the
early stages of development. Although cost and

3-1711



SOLAR
RECEIVER

L
........... ]
o | e apda

COMBUSTOR

TO HRSG

Figure 3-69 TYPICAL SCHEMATIC INCORPORATING ENERGY STORAGE
IN SOLAR HYBRID PLANT

LR

3-172



performance estimates are available from some studies,
many technical and economic uncertainties exist. RE&D,
as well as design and evaluation of high temperature
storage systems, should ke pursued.

Considering the above, it was recommended that energy storage not

be incorporated into the plant at this time.

3.8.4 Solar Fraction

The solar fraction is an important selection criterion;wginée it
is directly related to the potential for fossil fuel
displacement. It is determined h# the temperatére rise across
the recgiver relative to the total temperature.tiée from the
receiver inlet to the gas turkine inlet. 1heMprér limit of
solar fraction is then set bv)the maximﬁm'temperéthre achievakle

at the receiver outlet.

If the Strawman design is modified kv raising the:receiver outlet
temperature from 816C (1500F) to 843C (1550F), tné design point
solar fraction can be raised from 56.3 percentntovso,u percent.
This‘represents the maximum achievable solar fractipnjwith this
system at a solar multiple of 1.0, since it is based on the

highest attainable receiver outlet temperature.

At a 12 percent fuel escalation rate, the éo.u‘perceht'Sdlaf
fraction is obtained at a slight overall cost penalty for the
1990 plant. At a 15 percent fuel escalation rate, there would be

a slight overall cost advantage.
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In the Advanced Strawman plant, with a receiver outlet
temperature of 1093C:(2000F), a design point solar fraction of
71.9 can be reached, but this system involves considerably more

development risk.

Hiqher solar fractions could ke achieved-. by.increasing the..number
of heliostats beyond those needed for .peak operation, and
spilling enerqgy when the receiver outlet temperature would
otherw1se exceed 8a3C (1550F). Con31der1ng the results of energy
storaqe stud1es, ‘a larqé 1ncrease 1n the SOlar mu1t1ple does not
appear to be econom1ca1 for a .1990 plant.. However, a study was
performed durlnq conceptual de51qn to determxne whether ‘a small

solar mu1t1p1e would be an econom1ca1 wav to achleve a hlqher

solar fraction. The results are dlscussed in. Sectlon 5.
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Section &

' SELECTION OF FEEFERRED SYSTEM -

4.1 SELECTION PRCCESS
To select the most ecenomical and technically feasible solar

hybrid system, the'evaluétion prccess ‘was as follows:

e "Establish preconceptual reference designs and cost
estimates for a near-term (Strawman) and a longer-term
(Advanced Strawman) svstem (see .Section 1) :

° Undertake parametric ana1y31s and economic evaluation of .
the various subsystems that make up these reference
systems and modify the reference systems as agpropriate
(see Sectlon 3) ‘

° Do a market ana1v51s for the two reference systems as
modified (see Section 2)

e Do economic evaluations at the system level
. Select the preferred system kased rrimarily on the
criterion of long-term low-cost enerqgy rroduction, as

well as other selection criteria and the results of the
-parametric analysis

This section discusses the selection criteria, the economic

evaluations, and selection of the preferred hybrid system.
4.2 SELECTION CRITERIA

The economic evaluation and ultimate system selection of the

solar hybrid designs were based on the following criteria:

. Energy rroduction cost



e Market potential . .. .
. Fossil fuel disvplacement rotential (solar fraction)

o Development risk

The primary selection criterion was low-cost energy production,
which considered capital costs, 1life cycle costs for fuel, and
opegating_and:maintengnce_gosts.‘ The solar fraction, which
determines the amount of fossil fuel displaced, is determined by
the tempe?atﬁgeﬂrisé,agrdssfthe:zeceiver relative to the total
temperature rise frém’fﬁe receiver inlet to the qés turbine
inlet. ' The goal of afhithEOIai_fragﬁiqﬁ)musﬁ be weighed against

the associated development risk.

Other items, such as environmental impact, resource requirements,
utility operational requirements, reliability, maintenance
requirements, and potential safety hazards, were considered

implicitly in the. evaluation effort.
4.3 .. CYCTEM. GELFCTION

After parametric analvses the reference_hyhrid systems were
modified tbiinCQrporafe’résuits of the studies.. Ih a cost
comparison during final system selection, cost'impacts of these
modifications were taken into cénsideration. Finally, the

preferred, system was sélectéd,,hasea;onﬁthe established criteria.

3



4,.3.1 Modi fications _to Preccncectual Re ference Designs

As a result of systemlevel studies and parametric analyses, the
following conclu31ons were reached on the des1qn of the Strawman

and Advanced Strawman svstems-

) Enerqv storage is_neither economically nor technically’
desirable, and iS’not.recommended in the-Selected plant.

o The No. 2 distillate 011 used in the reference designs
is the most economical fuel when compared to solvent-
refined coal, medium=EBEtu gas, and residual oil.

° Constant air flow is a more efficient mode of operation
than constant receiver outlet temperature, allowing
lower receiver outlet temperature at off-design
condltlons.

° A small increase in fleld/recelver power ratio from the
baseline value of 1 O may result 'in a small overall cost
improvement. g e _

RO
3

The following modifications to the'strawhan design were

recommended as a result of the rarametric analﬁses:v

e Collector: A larger helicstat ‘of 49 m2 (527 £ft2) was
recommended over the kaseline size of 38.6 m2 and a
modified elliptical field with’ the south sector removed.

e ' EPGS: A dual-pressure steam kottoming cycle was
incorporated instead of the kaseline singlergressure
cycle to achieve a thermal cvcle eff1c1encv of .
44,95 percent. .

drops were mod1f1ed to 41.1 kPa (6 psi) each over the

. baseline values of- 13.8 kPa and 27.6 kPa, respectively.
The receiver outlet temperature-was raised to 843C
(1550F) over the baseline value of 816C, with a minor
cost penalty. This raises the design point solar
fraction to 60.4 percent from 56.3 rercent.



The following modifications to the Advanced Strawman design were

recommended as a result of the rarametric analyses:

recommended over the taseline size of 38.6 m2 and a
modified elliptical field with the south sector removed.

to 34.5 kPa (5 psi) from the baseline value of 17.2 kPa.
{The baseline value of 103.5 kPa (15 psi) for receiver
pressure drop was found to be optimum.)

o EPGS: The compressor pressure ratio was raised from 12
tu 16.

4,.3.2 Comparison of Strawman and Advanced Strawman Systems

The Strawman and Advanced Strawman systems were compared on the
basis of cost, market potential, solar fraction, and develogrment

risk.

Cost_and Market Potential. During the market analysis work,

screening curves were prepared tc compare costs of the Modified
Strawman and Advanced Strawman systems with those of conventional
technologies. (The Modified Strawman in those evaluations
incorporated a dual-bressure héat recovery steam generator and
reduced riser/downcomer and receiver ptessure drops.) During
system-level evaluations, these hykrid data were compared to the
performance of a conventional combined cycle system at the same
state of technological development as the Advanced Stréwman
concept. Figure 4-1 shows the results of this evaluation,

indicating that for 1990 operation and a 12 percent fuel
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escalation £a{é, tﬁeré is:eésentially'ﬁo cost difference between
the Modified Strawman and the ‘Advanced Strawman in the
intermediate-load ranqe.’ ‘
When all the modificétiéﬁs recommended for these systems were
then considered,'the costs of the Modified Strawman plant
increased sliqhtlv and. the costs cf the Advancedvstrawman
decreased slightly. ‘In the 48 percent capacity range, the
Modified strawman costs increésed-bv 0 £0‘1 peécent, and the
Advanced Strawman costs décré;sed by 2 £o 3 perceﬁt. This
results in costs tor the two_plants fhat are within approximately
4 percent of each other, which is;ccnsideréd to ke within the
marqin of error for cost estiﬁates;: Théréfore,‘the two plant
costs may be considered to be equal at a 12 percent fuel

escalation rate ahd'with rlant stértup'in 1990.

The levellzed busbar electr1c1tv costs for the two plants are
also close to those of the advanced combined ¢ycle plant,
although theuACCLplant~;s slightly" cheaper.‘ It is expected that
the marké£ would be sharéd, rather than‘captured entireiy by the
ACC plané;LjFiqures‘u—23”§€3; and 4-4.show hybrid system costs
with higher fuel.éscalatidn:fates and/or a first operation vear
of 2000. Under those éonditions the sclar rlants kecome cheaper
than the ACC plaét, and the  Advanced Strawman becomes more

economical than the Modified Strawman.-
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Solar Fraction. The two hybrid systems incorporating all

i

recommended mbdificetiqns heve tﬁe following design point and

< § L “. . . .
annual average solar fractions:

Modified ,
Modified Strawman Advanced Strawman
e Design point: .o 60.4 . 70.4
e ' Annual-. average: . 28.3 ‘ 33.0

These values are all-above the anticipated National Energy Act
requirement of 25 percent solar energy input to obtain an

--exemption - for kurning distillate oil.

Development Risk. The development risk associated with the
Modified Advanced Strawman design is much greater than with the
Modified Strawman design. With the former there are several
proklems to be resolved with regard to the high-temperature
ceramic receiver, the high-temperature industrial turkine, and
the combustor. These problemé may be resolved by 1990, but this,
is uncertain. The Modified Strawman plant, with its lower

temperature levels, presents much less cf a risk.

Conclusions. The two hybrid designs have essentially equal
economics, comparable market potential, and acceptable solar
fractions. However, the develorment risks associated with the
Modified Advanced Strawman are much greater. It was therefore
éecided to proceed with the Modified Strawman for conceptual

design of the 1990 plant. It was also recommended that the high-
4-10
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temperature ceramlc recelver for the Advanced Strawman design be
developed in parallel to prov1de a second—qeneratlon plant ‘that

may be more economical under hlqher fuel escalatxon rates.

4.3.4 Selected_Plant Summary °

The costs and performance of the'selected'Modified Strawman plant
are summarized in Tables 4-1 and 4-2. Theee data reflect
incorporation of al; changes resultiﬁq from the system- and
subsystem-level studies. The'selected‘plant design was further
developed during the conceptual design to reflect actual
equipment size, performance, and cost data, and.minor-system- and

subsystem-level studies.
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TABLE 4-~1

MODIFIED STRAWMAN SYSTEM PERFORMANCE

Parameter Value
Solar Receiver OQutlet
Temperature, °C (°F) 843(1550)
Gas Turbine Inlet Temperature, ¢ °F) 1093(2000)

Fuss il Fuel

EPGS Thermal to Net Electric
Conversion Efficiency, %

Design Point Solar Capacity
Fraction, % ’

Annual Average Daytime Solar Fraction

Assumed Average Nighttime Operation.
on Fossil Fuel, Hrs

Annual Average Solar Fraction, %
Plant Capacity Factor, %

Solar Capacity Factor, %

pistillate Uil

44,95

60.4
33.

w

28.
48.
13.

N O W O
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TABLE 4-2

MODIFIED STRAWMAN CAPITAL COST SUMMARY

($1000)
Nonsolar .
Cost Item Combined Sol?r
Cycle Portion
Portion
Site, Structures, Miscellaneous 2,200 ..100
Turbine Plant 27,000
Electric Plant 2,500 200
Collector Equipmént 25,200
Receiver, Tower, Riser/Downcomer 21,600
Nonsolar Equipment 500
Indirect Field Cost 7,300 1,800
Engineering, Home Office, and Fee 4,700 4,900
Subtotal 44,200 53,800
" Contingency @ 15% 14,700
Total 112,700

v)

"’
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Section 5

CONCEPTUAL DESIGN AND COST/PERFORMANCE'ESTIMATES

This section déséribes the conceptual desiéﬁ 6f the-comﬁercial-
scale solar hybrid.power plant, including the collector
subsystem, receiver subsystem, electric power generation
subsystem, and master control subsyste~. It presents'performance
estimates for the conceptual desiqgn, describes the plant
arrangement, and outlines dailv system operation. - Eétimates of
capital and operating costs were generated baééd-on this
conceptual design, and a top level project constructioﬁ schedule

was established.

System requirements for the conceptual design were specified in

the Requirement Definition document (Ref. 5-1) and are summarized

below:
° Nominal plant capacity 100 MWe net
o Availabilit? 90 percent - .
) Plant life ‘ o 30 years H
] Reference site Barstow, CA
° First veaf of operation ‘ 1990
e Solar system desiqn‘point . Eest‘solar'ahglé

In addition to these requireménts, a plant capacity factor of 48
percent was established, placing the hykrid plant in the

intermediate-load range.




Conceptual design was based on a Westinghouse commercial gas
turkine unit, since design and:perféfmaﬁce data are avéiiable on
this uniﬁ. 1For.this reasbn, the nOmihal nef plant capacity.was
increased from 100 MWe to 112.6 MWe. Collector design was based
on a Northrup IT 50.54 m2 heliostat instead of the generic 49 m2

design, also due to availability of data.
5.1 SYSTEM PERFORMANCE

System performance for hybrid, fossil-only, and annual averége
operation is summarized in Table S-1. The solar fraction'and net
cycle efficiency of the conceptual design are both lower than
those of the selected system in precéncepfual design. This is
primarily because the airf10w~requirément for turbine coolin§ is
significantly higher than was initiailj(éstimated and the cooling

air bypageee thc: reeciver.

[

« 1.1 DéSiqn Poiht'Perfofmanée; Hybrid. Operation

The performance of the solar hybrid power system conceptual
design at the design point is shown in thé'étair-étep diagram in
Fiqure 5-1. It is based on solar enerqy input at the kest sun
angle, which is 45 degrees ele?ation; 0 degree azimuth and it is
calculated for the "H" heliostat field (a radial stagqger
arrangement) withA1u5 m ju75 ft) aperture centerline elevation.

The solar angles correspond to equinox noon at Barstow, CA.



TABLE 5-1

SYSTEM PERFORMANCE

: s s Design Point Fossil Annual
Performance Characteristic Hybrid Operation Operation Average
Solar fraction 0.536 ' 0.282
Electrical output, MWe

Gross ‘ 115.9 116.3 116.1

Net 112.6 113.6 112.9°
Heat rate, kJ/kWh (th/kWh) : . .

Gross 7987(7570) 8363(7926) 8184(7757)

Net 8223(7794) - 18562(8116) 8410(7971)
Thermal efficieﬁcy, % O -

Gross " . 45.1 43.1 44

Net 43.8 42.1 42.8
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The piping loss shown in Figure 5-1 represents the solar ingut
lost due to heat leak in the downcomer piping. The loss in the
riser piping is included with the cycle losses, since it

represents the loss from the heat of compression.

5.1.2 Fossil—Onlj Perfqrmance

The stair-step diagram for fossil-bnlv operation for the same
ambient condltlons 1s shown in quure 5= 2._ The output and heat

rate are slightly hlqher than for hvbrld operatlon.

5.1.3 Annual AverageiPerfofmance

The stair-step diaq;aﬁ for annuélhaVéxagé performance is shown in
Figqure 5f3, For this calculation, the solar component of the
power plant.was assumed to be operating 6n1y when the insolation
level is in excess of 500 W/m2. The 3.5 pércent excess heliostat
area at the desiqn point was found to result in approximately 0.5
percent of excess annual solar=enérqy, due to heliostat tufndown

when the receiver focal plane thermal powerllimit is exceeded.

The annual avéraqe'qeometric efficiency of the field was
developed using the 1976.Barstow data and the geometry of the "H"
field (see Section 5;2); -The‘desiqn point values for:
reflectivity, atmospheric attentuation, and recelver efficiency
were used in ca1cu1atinq the annual performance. Spillage was

estimated from efflclencv var;atlon calculated for the equinox
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day. The piping losses are adjusted for the lower average air

temperature at the receiver outlet.

An annual capacit& factor of 48 percént was used to calculatefthe
electric output. . With 90 percent availability, this represents
an average of approximately 2 hours per day operation in the

fossil-only mode.
5.2 " COLLECTOR SUBSYSTEM

The cpllector,subsystem coﬁsists of héliostats deﬁloyed in the
collector field, supportinq.power and cont:ol elements, a -
heliostat alignment system, and"field»Iightninq”protection.A The -
collector design requirements, conceptual desiqgn, and performance

characteristics are described in this section.

. 5.2.1 ' Requirements

The subsystem requirements are stated in the Requirement
Definition document (Ref. 5-1). In addition to these general
requirements, the total solar power collected and reflected to.

the aperture plane at design roint must be 147 MWt.

Y242 Conceptual Design

Field Layout. The preferred collector field selected in

preconceptual design ("G" field) was laid out in a rectangular-

grid pattern, as described in Section 3. From this layout, the
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radial stagger "H" field (Figure 5-4), was developed from the
spacing relationships used by the University of Houston and
Sandia, Livermore. For a three-cavity receiver, the "H" field
performs about 6 percent better than the "G" field at the lower
tower heights. Costs for the "H" field are compared to those of
severallother fields in Fiqures 5-5 and 5-6 at two specific
heliostat costs, corresponding to the 1990 first and eightieth
plants. Since the radial-staggered field is expected to have
lower costs and higher performance, the "H" field was selected as

the reference layout in the conceptual design.

Collector. Design of the collector itself was outside the scope
of this study. As a result, no novel collector designs are
offered to reduce manufacturing cost or increase performance.
The best projected performance was assumed for all collector
components reqgardless of source. This approach endeavored to
eliminate any penalty on the system performance resulting from

any single design inadequacy.

Studies performed during the parametric analyses indicated that
larger heliostats will result in a less expensive collector
subsystem. Heliostat dimensions and characteristics selected for
the conceptual design were those of the 50.54 m2 Northrup IX
unit. (See Figures 5-7 and 5-8.) This was used mainly because
of the availability of extensive data related to design details
and performance projections. It is comparable in reflector area
with other designs undergoing evaluation in the current heliostat

development effort.
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The heliostat design uses a single support from the foundation to
the drive unit. The drive unit rositions the mirror support rack
and the mirror modules in a preéise position. The pedestal
supports the drive and gimbaled components, limiting deflections
to 0.66 mrad under normal operating conditions. The pedestal is
capable of unyielding support in winds up to 40 m/sec (90 mph)
with the rack'stowed, and 22 m/sec (50 mph) with‘the rack in any

orientation.

The. tracking drive unit contains the drive motor, gears, and
controls. The drive design uses a two-stage worm-gear drive
system which is capable of la;qe gear reductions with the minimum

number of components.

The mirror support’rack uses a trussed spar, designed to minimize
weight thle prpvidinq rigidity for minimum'déflection. The
spais are attached to the torque tube using tapered bdlts'giving
an attachméntvmethod‘that will reméin solid for the exbeqted life

of the plant.

The mirror modules use 1.21 m by 1.21 m (4 ft by 4 ft) facets of
silvered glass, which allows procurement in the most cbﬁmoh'glass
size. The qglass is 94 mm (3732 in.) thick with the lowest iron
cohtent available at prroduction time. The estimated reflecti§ity
used in the system studv was .87, which is conservative in the
1990 time frame. The facet support is still in development.

Most current designs use either a glass-glass or a glass-foam-

steel sandwich.
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5.2.3 Performance

To achieve economic performance of the collector subsystem, 95

percent of the reflected solar radiation must be collected at an

incident angle of less than 60 degrees on the receiver.

Table 5-2 shows collector error tolerances required to meet these

goals and manufacturer teést results indicating the capability of

current heliostat desidns to meet these tolerance limits.

Heliostat manufacturers suggest that their products will be

capable of 30-vear life under the following environmental

conditions:

Ambient temperature
Wind speed
Stowage initiation

Wind rise rate during stowaqge

Wwind profile

32 to 120F
26 mph at a 1.3 qust factor
36 mph

1.3 mph/min, heliostat to
withstand a maximum wind of 50 mph
without catastrophic failure

v - Vo< z) .15
z 10

height above ground, m
wind velocity at height z
wind velocity at 10 m above
ground

nou

VA
Vzv
\Y

0

The heliostat components are designed so that stresses resulting

from dynamic forces will not exceed structural capabilities. The

maximum pressure exerted by the base of the pedestal foundation

footing upon the soil is less than 71.8 kPa (1500 psf) at .6 m

(2 £t) and 239 kPa (5000 psf) at 1.5 m (5 ft) below the surface.
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The heliostats can satisfy operational requirements in a
sustained surface wind up to 8.9 m/sec (20 mph) and gusts up to
11.6 m/sec (26 mph) at all elevation angles and can remain
operational with gusts up to 16 m/sec (36 mph). In a
nonoperational mode, the heliostats can survive 22.4 m/seé

{50 mph) wind at worst azimuth and elevation angles. I£ can ke
moved to stowéd position in 15 minutes and thereafter can survive
wind gusts up to 40.2 m/sec (90 mbh). Mirror Sampies have
survived impacts from 19 and 25 mm (.75 and 1.0 in)'aiameter hail
stones at measured velocities of 20 m/sec (65 fps) and 25 m/sec
(75 fps), fespectivelv. (Survival means that the specimen

withstood six impacts with no damage.)

Using the wind load methodoléqv of ASCE Paper 3269 (Ref. 5-2); a
facet-by-facet analysis was performed to determine the aiming
error as a function of wind speed and elevation angle. Northrup
compuﬁer codeé "BEAMSUM" and "BFAMRAD" were used in the
computations. Béth frontside and backside wind impacts were
evaluated. Wind speeds from 0 to 16 m/sec (0 to 36 mgh) were

- considered.
The'énalvsis considered the combined effects of the following:

o Beam bending, which varies with 1) facet position from
top to bottom of the heliostat, 2) elevation angle, 3)
wind speed, and 4) wind direction (front vs. lack) -

. Differential beam bending tetween adjacent lkeams to
.which a given mirror is attached

o Support column bending due to both the drag force and
elevation moment (With a frontside wind, these two
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effects tend to be comgpensatory, and with a backside
wind they are additive.)

) Support column bending (For facets below the elevation
axis, the combined effects of beam bending and column

bending are compensatorvy, and for facets above the
elevation axis they are additive.)

The wind-induced mean error and standard deviation for the entire

field of heliostats are given in Table 5-3.

The error indicated at U m/seéc¢ wind speed is due to the gravity
loads of the mirror modules and keams, which were aléo included
in thic analyeis. Torsional deflections of the heliostat tanrgne
tube were also examined, but were found to be sméll relative to

the column and beam bending, so were not further considered.

The calculated errors due to the wind were then combined with the
other potential errors (mirror waviness, backlash, tracking
error, etc.) to vield a total system error for five wind sreeds.
Northrup's "Flux" computer code was used to evaluate the effects
of these errors on spillage, target plane distribution, and the
receiver flux distribution for the "H" field at equinox noon.

The results are presented in Tables 5-4 and 5-5.

Fven with the conservative assumptions used in the analysis,
increases in spillage due to wind were relatively modest. As
evident from Figures 5-9 and 5-10, the flux profiles are rather
dramaticallvy changed by the wind. However, ﬁhis effect is
generally beneficial and results in reduced tube temperatures,

thermal stresses, and receiver heat losses.
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TABLE 5-2

HELTOSTAT ERROR TOLERANCES

Tolerance Item Tolerance Tested Heliostat
) Target Accuracy
Reflectivity - .91
Beam pointing error, mrad 1.5 2.5
Reflective surface deflection, mrad 1.7 1.7
Optical spreading, mrad - 1.4
Foundation settling, mrad .05 -
Plastic structural deformation, mrad .5 -

TABLE 5-3

MEAN AND STANDARD DEVIATION WIND-INDUCED ERROR

Wind Speed Mean Error Standard Deviation
(m/sec) (mrad) (mrad)
0 0.091 0.076
3 0.098 0.088
7 0.172 0.136
11 0.375 0.371
16 0.789 0.844
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TABLE 5-4

NORTH RECEIVER WIND EFFECT SUMMARY

Wind Peak Target Peak Receiver Energy
Speed Plane Flux Plane Flux Spillage

(m/sec) (kW/m?) (kW/m?) (%)
4,132 1,081 1.99

3 4,077 1,075 2.00

7 ' 3,717 1,037 ©2.08

11 2,840 937 2.44

16 1,871 816 3.35

TABLE 5-5

WEST RECEIVER WIND EFFECT SUMMARY

Wind Peak Target Peak Recelver Energy
Speed Plane Flux Panel Flux “Spillage

(m/gec) (kW/m2) (ki/m2) (%)
0 2,748 1,100 3.11

3 2,653 1,082 3.14

7 2,518 1,056 3.18

11 2,015 951 3.47

16 1,425 796 4,19
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5.3 RECEIVER SUBSYSTEM

The.receiver subsystem consists of the receiver proper, the
receiver tower, and -the riser/downcomer piping. The latter
connects the receiver with the gas turbine. Valves and controls
for the safe and efficient operation of the solar hybrid power
system are also included. The requirements, conceptual design,

and performance for this subsystem are described in this section.

'5.3.1 Requirements

The receiver subsystem requirements listed in Table 5-6 are
consistent with those in the Requirement Definition document
(Ref. 5-1). 1In addition to these specific requirements, the

receiver must satisfy the_foilowinq:

) High efficiency by minimizing heat losses caused by
reradiation, reflection, convection, and conduction

° Maximum use of existing hardware and manufacturing
techniqgues

L Low capital cost

. Suitable cyclic service
» Minimum development regquirement

5.3.2 Receiver Conceptual Desiqn

The function of the receiver is to transform the incident solar
"enerqy from the heliostat field into thermal energy and transport

the thermal enerqgy to the air stream. The receiver design
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TABLE 5-6

RECEIVER SUBSYSTEM REQUIREMENTS

Characteristic

Value

Receiver configuration

Design point

Number of cavities

Total power to cavity focal plane, MWt
Total power to receiver air, IMWt
Average air témpefaturc, C(F)

At receiver inlet
At receiver outlet

Air pressure at receiver inlet, MPa(psig)
Receiver pressure droﬁ, kPa(psi) \
Air flow rate, kg/sec (lb/sec)

Design life, years

Plant cycles

Plant availability, %

Multicavity, heat pipe panels
Equinox noon

3

152.2

138.0

363.9 (687)
843.3 (1550)

1.055 (153)
43.37 (6)
257.6 (568)
30

13,000

90

wn
|
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considered factors such as cost, weight, size, surface
requirements, materials, thermal efficiency (heat losses), air
pressure drop, design complexity, operation and control, thermal
transients, maintenance, and installation. The receiyer design

work involved:

o Thermal hydraulic analyses to establish panel size, flow
path, pressure drop, heat-transfer coefficients, and
metal temperatures

] Receiver performance analyses to calculate receiver
losses (reflection, reradiation, convection, and
conduction losses) and receiver power output throughout
the vear )

L Receiver thermal stress analyses to determine wall
thickness of components

° Mechanical design analyses to establish panel

confiquration, method of panel support, cavity enclosure
confiquration, and support structure

Description. The receiver consists of three cavities mounted on

top of the receiver towcr, and oriented as shown in plan view in
Figqure 5-11. The confiquration of the cavity is shown in

Figure 5-12. Each cavity consists of absorber panels, enclosure,
inlet and outlet manifolds, insulation, and support structure.
"he cavity back walls each have 11 factory-assembled panels,
which are shown in Fiqure.5—13. Because of stress, seismic, and
thermal expansion considerations, the panels are hung from the
cavity structure and are welded together on site. ‘'This
eliminates the need for verv thick side panel walls and
eliminates the previously required gaps between panels to
accommodate thermal expansion. Materials savings of about 20

percent resulted from this change. Simplicity of panel design
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Figure 5-11 RECEIVER PLAN ARRANGEMENT
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and elimination of high stresses at the corners of the panels are

additional advantages.

Each panel is a rectanqular air duct fitted with 1;1&7 heat
pipes, installed in an 11.1 mm (4.375 in.) triangular-pitch
pattern. The heat ﬁipes are attached fo the front and back
plates of each panel. This permits removal for servicing or
replacement from the back of the panel'and eliminates the need
for separately replaceable paneis. The heat pipe design and

operating principles are described in Section 3.

A 0.66 m (26 in.) diameter inlet manifold distributes the air to
ieach panel via butterfly control valves at the bottém inlet of
each panel. A 0.76 m (30 in.) diameter outlet manifold collects
the hot air leaving the panels. The manifolds are 6utside the

cavity. Welded piping connections are used.

The interior surfaces of the cavityv are lined with insulation
(Fiberfrax in high-temperature zoneé) to keep the conductiQe heat
losses low. This insulation also protects the cavity enclosure
and structural subport steel memkers ffom excessive temperatures.
The outer surfaces are covered with weatherproofed insulation and

corrugated aluminum sheeting.
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Size. The receiver must provide 138 MW to the system air at the
design point of equinox noon. The maximum power delivered Ly the
mirror field to the Cavitv aperture plane is 61.90 MW at the
north cavity (equinox noon), and 60.13 MW at the west and east
cavities (equinox 10 a.m. and 2 g.m., respectively). The
difference between these peak values is small enough for all
cavities to be of the same design, which minimizes design,

fabrication, and installation costs.

The selected receiver material, Inconel 617, has an upger useful
temperature limit of about 871C (1600F). This limits the peak
radiant heat fluxes absorted by the receiver to 1.26 MW/m2
(400,000 RPtu/hr-ft2) which resulted in a cavity depth of 7.0 m
(23 ft). Table 5-7 gives the matrix of difect solar heat flux
incident on the panels of the north cavity at equinox noon.
Reflected radiation from the inner cavity walls was not included
in the calculations, since it will have little effect on the high
heat flux areas near the middle. Fleven panels 1.0 m (3.3 ft)
wide by 13.0 m (42.5 ft) high are required to absorb incident

solar eneraqgy.

Weight. The receiver weight estimate includes the weight of
panels, heat pipes, insulation, structural members, manifolds,
and other receiver components. The weight breakdown is shown in

Table 5-8.
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DISTANCE FROM BOTTOM OF PANEL
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TABLE 5-7

INCIDENT HEAT FLUX, PANEL’ZONES

. (MW/m?)

PANEL MUMBER

b Y & 7 4 K H 349 2 & 10 1 8 11
n.1ato 0.1090 00,0810 0,0620 0,0360 0,0150
0.2220 0,1990 0.l7u0‘ 0.1500 0,1080 _6;0500
0.5430 0.5136 0,449¢ 0.3580 0.2390 Ve1260
1.04830 0;9850 0 READ 00,6910 0.4760 n,2730
1.2580 1.20R0 1{0680 0,R990 0.,6080° 0,3700
1.0130 N,9750 0.8670 0,7030 0.5090 0.3230
0,57 40 0.5520 0.,4940 04000 0,2980 0.1960
.eitu 0.2290 0.2060 Vor70Y O.,1270 |- 0,08k
L0730 0,0710 0.0640 0.6530 n.oaio 0,028y




TABLE 5-8

RECEIVER WEIGHT BREAKDOWN

Weight
Component
: kg . 1b
Structural steel 176,691 388,720
Carbon steel plate 48,427 106,540
Stainless steel plate 8,132 17,890:
Incoloy 800H plate 44,905 98,790
" Inconel 617 bar 1,055 2,320
Inconel 617 plate 114,245 251,34@ .'
Heat pipes 288,182 A654,000. .
Valves 2,550 5,610
Durablanket-H insulation. 2,345 5;1661
Duraback insulation 24,136 53,100
Mineral fiber insulation 1,090 .'2,400
Lagging | 450 “ 990 |
Total 712,209 - 1,566,860




Thermal Hydraulic Analysis. For purposes of thermal hydraulic

analysis, each panel was divided into nine axial zones. Then,
using the solar flux data matrix of Table 5-7, the net power into
the air along the length of the panels, and the heat pipe duties
were calculated. As seen in Table 5-9, the max1mum heat pipe
enerqy transport requ1rement 1s 11 7 kw, which is well within the
'measured heat transport capab111t1es of the type of heat pipes
proposed for the recelver. The “total mass flow of air to the
‘receiver, 257.6 kq/sec (568 1b/sec), is’ dlstrlbuted to the three
cavities in proportion to the heat input to each cavity. -Thus,
‘.at‘eqninox noon, 36. 22 pexcent qoes to the north caV1ty and 31. 89

_percent.each to the west and the, east. cav1t1esr

fThe airflow to eaoh;paneliis adjusted'in proportion to the
'oollected enerqy, SO that,the outlet‘temperatnrefat each panel is
18u3C (1550F). The airflow distribution in ‘the north cavity at
“equinox noon 1s shown in quure 5-1u " The calculated peak metal
'temperature of 888C (1631F) oceurs in the'heatAplpe b0111nq
;sectlons in the center panel, about two-thirds from the bottom of
:the paneL.“ ThlS temperature is above the nom1na1 limit of 871C

(1600F).- But-the boiling reqion has no pressure forces, so the

elevated temperatures are acceptakle.

Structural, Thermal Stress, and Mechanical Design Analysis.

Structural analysis of the receiver subsystem includes both

thermal stress analysis and mechanical design analysis.
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TABLE 5-9°

(kW)

POWER TRANSPORTED BY INDIVIDUAL HEAT PIPES,

PANEL NUMBER .

=~ 40

h 5 R 7 4 KA 589 | 210 T ; 1
1. 81 1,01 0.75 0.58 0,33 0.14
2,06 1,5 1.62 1.39 1,00 o;so

S 9.14 4.81 4i17 3.33 2.22 1017
9.k0 9.15 AL0Y houp 4yl 2.54
11.69 11.02 9,92 7.94 5465 3,44
9,41 9,06 8,09 6,53 4.73 3,00
5.3 5,138 4,59 3.75 2.71 1,82
2.20 2,13 1.91 1.54 1.18 0,80
0obH 0,66 0.59 V.09 0., 38 0,26
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The following loads were used in the analyses of particular

receiver components:

° Panel Shell. An internal rressure load of 0.954 MPa
(138.3 psiqg) was considered in the design of the panel
shell walls and the two nozzle heads. The design
temperature varies from 364C  (687F) at the inlet to 843C
(1550F) at the' outlet. The panel shell components are
also subjected to thermal stresses.

o Heat Pipes. The loadings relevant to heat plpes include
the external pressure, internal pressure, and axial load
resulting from load transfer from the front and back
walls. The heat pipes are: also subjected to thermal
stresses. . ‘ .

e " Piping and Headers, An internal”pressure load of
0.954 MPa (138.3 psiq) was considered. Design A
temperatures of 364C - (687F) and 843C (1550F) were used
for inlet and outlet pipes, respectively. : :

. Support Frame. The panel shell is supported ky hangers
and by the support frame. The loading for the support
frame cqnsists of the dead loads and the seismic loads.

The allowable stresses -for Inconel 617 based on suppller data
and the requlrements of the ASME B011er and Pressure Vessel Code,
are shown-in Table 5-10. The"desiqn stress intensities
(difference between' the maximum.and‘minimum principal stresses)
due to membrane forces were limited to the tabulated values. The
stress intensity due to the‘cdmbined memkrane forces and bending
moments was limited to 1.5 times the tabulated values. The
maximum allowable thermal gradients, were determlned so that the
stress intensity due to the comblnedunembtane,ﬁbend1nq, and

thermal gradient loads did not exceed‘three times the allowakle

stresses in Table 5-10.
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TABLE 5-10

: : %
ALLOWABLE MEMBRANE STRESSES IN INCONEL 617

Design Temperatﬁre : Allowablé Stress
C(F) MPa (ksi)
316 (600). 165.5 (24.0)
427 (800) 151.7 (22.0)
‘ 538 (1000) 144.8 (21.0)
649 (1200) 131.0 (19.0)
760 (1400) 48.3 (7.0)
816 (1500) . 37.2 (5.4)
871 (1600) - 18.6 (2.7)

*Based on supplier data and ASME Boiler and Pressure
Vessel Code, Section VIII, Division 1  (Appendix P).
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The panel shell (Fiqure 5-13) consists of a front plate, a rear
pléte, and side'panels made of cylindrical shells. The heét
pipes act as subpérts for the front and rear plates. The front
plate is prdtected from direct solar radiation by a .25 mm (1 in.)
refractory wall. Sincé ihe panel éhéll témpefaﬁure varies along
its lenqgth, it was divided into three axial regions for
analvticai purposes. The desiqn temperatures in these regions
are shown in Table 5-11. The thickness of each of the compohents

of the panel shell was computed at these temperatures.

The inlet and outlet nozzles consist of pyramidal shells
supported at three intermediate 1ocations‘by stiffeners. The
pressure loads on thé nozzies are the same as those on the ranel
shell. Design temperatures are 36uc (687F) for the inlet nozzle
and 843C (1550F) for the outlet nozzle. The inlet nozzle is made
of carbon steel (SA-515, GR.70) and the outlet nozzle is made of
Inconel 617. At the design temperature, the allowable membrane
stresses for the carbon steel is 114 MPa (16.6 ksi). An estimate
over the expected temperature distrikutions during a cloud cover
passage showed that the thermal gradients are within allowakle

limits for the panel shell and nozzles.

The heat pires, made of Inconel 617, are the only major receiver
components exposed to direct solar radiation. The heat pipes
also support the front and back walls against the internal panel
pressure. Their outer diaméter is 60.325 mm (2.375 in.).. The
wall thickness, 3.81Amm (0.15 in.), was computed by limiting the.

primary memhrane stress intensity, due to internal and external
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TABLE 5-11

DESIGN TEMPERATURES FOR COMPONENTS OF THE PANEL SHELL

Design Temperature, C(F)

Component - . -
~ Lower Region . Mid Region Upper Region
Front wall . 677 843 . 871
(1250) (1550) -(1600) .
Rear wall 649 8'16 843
(1200) (1590) (1550)
Side panels 649 * 816 843
(1200) - (1500) - -(1550)
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pressures and the support reaction forces from the front and kack

walls, to 18.6 MPa (2.7 ksi).

The piping and header arranqement 1s shown in Fiqure 5-12. - The
pipe wall thlcknesses are based on. prlmary hoop stresses'
resulting from 1nterna1 pressure w1th0ut stress concentration

“e

effects at the nozzle connections. _L~5;
The support-fréﬁe for the eshel shell sh0wn in figure 5-12 wasi
designed in aecordance with the AISC Méﬁdal (Ref. 5;3f. " ‘The
1oadinq‘censisrs‘of the ﬁea& ibeds‘from'rhe'bénei shell and
earthquake loads. The earthquake loads are included as an
equivalent static load of 2.15g acting in the vertical direction,
corresponding to the operation base earthquake at 2 percent
damping. The horizontal forces due to earthquake and wind are
transferred to the tower by ties connecting the panel shell to
points on the tower top, or dissipated by hdrizontal seismic

dampers so that their effect is not felt by the support frame.

Receiver Performance Analysis. Receiver heat losses are

proportional to the aperture area. Thus, selecting the aperture
size and confiquration inﬁolves_a trade-off between the spillover
and the amount of enerqgy lost due to reradiation, refleétion, and
convection losses. The optimum aperture was defined as that
which can collect the highest net"power. Figure 5-15 shows the
process used to optimizé the aperture size for the north facing

cavity, based on an octaqonal aperture.
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In principle the best aperture would be circular. However, it is
somewhat more expensi?e to fabricate. Thus, only square and
octagonal apertures were considered dqting?the aperture
optimization process. Aperture diameters up to 12 m (39{4 ft;w
were con81dered (Diameter is the size of the circle insefibed
w1th1n the aperture ) “Table 5-12~shdﬁs the peifofmanee of?the‘
north.cavity with square and octaqonal apertures. The.table:
shows,that'an'octaqenal%apefture ef 83 m2 (892 ft2) is mére '
efficient and, therefore,llt'was‘selected for all three cavities.
Using the same slze aperture for the'north, east, and west’
cavities, the receiver heat losses were calculated as a fdnction;

of wind speed and ambient temperatures.” The results are plotted

in‘Fiqure 5-16.

The performance of the north, east, and west cavities was
calculated for noon on winter and summer solstices and equinox.
The’reSults‘are:shown in Table 5-13 and Fiqﬁre 5-17. <Thé ea;ity
performances as functlons of the time of dav, calculated at
equ1nox, are shown in Table 5- 14 and in Fiqure 5 18.' As seen
from these tables, the recelver dellvers 141.18 MW to the system
air at the desiagn 901nt;oﬁ%equ1nQ§Mngen¢j>Thls represents a

margin of 2.3 percent over the 138 MW required at equinox noon.



‘ TABLE 5-12

NORTH CAVITY PERFORMANCE

Area, m? 92.16 82.84
Power at aperture plane, MW 61.90 61.90
Spillover, MW 1.92 2.40
Power into cavity, MW 59.97 59.49
*Aperture efficiency, % 96.89 96.12
losses: Conduction, MW 0.31 0.31
Convéction, MW 1.77 1.59
.Radiafion;‘MWv 5.52 5.04
" Reflection, MW 0.99 0.88
Total cavity losses, MW 8.58 7.83
Net power to air, MW 51.39 51.66
; **Cavity éfficiency, % 85.69 86.84
*%%Qverall efficiency, % 83.00 83.50
Assumptions
Wind velocity, m/sec (mph) 6.7 (15.0)
Ambient temperature, C(F) 15.5 (60.0)
Inlet air temperature, C(F) 363.9 (687.0)

Qutlet air temperature, C(F) - 843.3 (1550.0)

Power through aperture
Power that reaches aperture planc

*Aperture efficiency, n_

’ **Cavig 'efficienc n., = Net power to air
. y s o e Power through aperture

Net power to air _
Power at aperture plane a c

*%*%Qverall efficiency =
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TABLE 5-13

POWER VS. DAY OF YEAR AT NOON

Season of Receiver Power From Power Into Net Power
Year Mirror Field Aperture To Air
Megawatts Megawatts Megawatts
North 56.43 51.41 44,85
Summer West 55.17 50.05 43,67
Day 173 East 55.17 50.05 43.67
Total 166.77 151.51 132.19
North . 61.90. 59.49 51.66
Equinox West 54.50 51.31 44,76
Day 80 East 54,50 51.31 44.76
Total 170.90 162.11 141.18
North 56.10 53.87 46.95
Winter West 48.13 43.99 38.40
Day 355 East 48.13 43.99 38.40
Total 152,36 141.85 123.78
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TABLE 5-14

POWER VS. TIME OF DAY AT EQUINOX

o]

|Time of Cavity Power From Power Into Net Power
Day Mirror Field Aperture To Air
Megawatts Megawatts Megawatts
8 a.m North 51.18 46.02 40.18
West 59.67 56.92 49.52
East 32.97 26.91 23.23
Total 143.82 129.85 112.93
10 a.m. North 58.32 54.38 47.38
: West 60.13 57.18 49.74
East 45.72 39.95 34,85
Total 164.17 151.51 131.97
12 Noon North 61.90 59.49 51.66
West 54.50 51.31 44 .76
East 54,50 51.31 44.76
Total 170.90 162.11 141.18
2 p.m North 58.32 54.38 47.38
West 45,72 39.95 34.85
East 60.13 57.18 49.74
Total 164.17 151.51 131.97
4 p.m North 51.18 46.02 40.18
West 32.97 26.91 23.23
East 59.67 56.92 49,52
Total 143.82 129.85 112.93
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5-.3.3 Towexr Conceptual Design
Introduction. The main functicns of the receiver tower are to:

e Support the receiver weight estimated to ke 726,000 kg
(800 tons)

. Fold the position of the aperture within acceptable
limits of the heliostat aimin<y point '

° Provide support for the riser and downcomer. piping

. Allow access to the receiver and piping for maintenance

The design was based on a tower heiqht of 190 m (623 ft) requiréd
for the "G" field. To meet the requirement of the "H" field, the
towér height was reduced to 145 m (475 ft) by eliminating the
bottom 45 m (148 ft) of the oriqinalldesiqn. Lack of time -
prevented an optimizétion of the shorter tower, sd the design is

guite conservative.
The tower design meets the requirements of the Uniform Building
Code and national industry codes for steel and concrete

structures.

Design Loads. The following loads were used for the conceptual

design of the tower and its foundations:

. Dead Loads. These include weights of framing and.
permanent equipment such as receivers, piping, and
controls. “ '

occupancy not including wind, earthquake, or dead loads.
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e Wind Loads. These are kased on wind speeds of 14 m/sec
(32 mph) under operational conditions and 40 ‘m/sec
(90 mph) under survival wind conditions at a height of
10 m (30 ft) above ground. The calculated wind
pressures were adjusted. for round members in the
structure.

. Seismic loads. A peak qround acceleration of .15g under
operating conditions and 0.25g under survival conditions
were used. -The tower was assumed to be located in UBC
Zone 3. This peak qround acceleration was combined with
the response spectrum given by NRC Req. Guide 1.6 and
damping values given for the operatlnq ba51s earthquake

, in NRC Reg. Guide 1. 61.

. Temperature. The'proiect design criteria regquire that
the plant has to remain operational in the amkient air
temperature range from -30 to +50C (-2 to +120F).

Selected Tower Design.. Following a review of recent comparative

studies on receiver tower designs (Refs. S5-4 and 5-5) , a square
profile steel tower was selected for the hvbrid plant. While
most designs for sgeel receiver towers use rolled structural
steel shapes, these are more efficient in buildinglcqnstructioh
with close floor sracing and moderate keam sbans. For tall solar
towers, custom built—hp éectioﬁS-wbuld,be required.

Offshore platform towers have simiiar'requirements to those for a
solar central receiver tower. The‘all-welded'offshore structures
are made of larqe—diaﬁeter welded or seaﬁless piping. Successful
tests have been madeiof the three-dimensiohél structurai’pipe
joints at the University of California at Berkeley. The design
of these struetures is covered Ev an American Petroleum Institute
code (API-RP2A) (Ref. 5-6). Severaliéuch towers have teen kuilt
in the last few vears; The main advantages of using

large~-diameter steel piping for the tower desiqn include:
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A higher length-to-radius-of-gyration ratio for the same
weight per unit length, permitting a higher allowakle
stress. for the same effective member lenqth

. A reduction in wind pressure.loads, permltted by
ANSI AS58.1 for round cross sectlons

o Possibilitv of w1der spaclnq between intermediate floor
diaphragms’ ' , : .

. A significant reductlon in the number of memhers and
connections

o An 1nherent1y qreater r1q1d1tv due to welded
construction, resulting in smaller deflectlons under
wind and seismic loadlnq

s  Lower transportatlon costs with'nested pipinq

® Potential for reduced fabrlcatlon costs due to automatic
welding .

‘» Less field:fabricatioﬁ after Shop"welding of the:
three-dimensional' joints

The tower design emplqyinq this offshore platform technology is
shown ih Fiqure 5-19, vK—brecinq, effective ih both tension and
compression, is used to cut tﬁe sran of the beams by half.
Horizontal fibor diaphragms aie'spacedzat 15'ﬁ (50 £t) intervals
- for column bracing and to support cipinq, stairs, and the
elevator quide rails. A typical fioéi,diaphraqm, which uses both

pipe and rolled sections, is shown in Fiqure 5-20.

The column center lines‘aie‘spaced at 18.3 m (60 ft).et the top
to best support the eembined receiver weight. The cavities were
arranged as shown in Figure 5-21 to place the combined center of
gravity at the center of the tower plan. Pipe diameters vary

from a minimum of .41 m f16.in.) to a maximum of'2.13‘m (84 in.)
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and thicknesses vary .from a minimum of 9.5 mm (0.375 in.) to a

maximum of 32 mm'(1.25 in.) for the larger diameter pipe.

All three-dimensional pipe-to-pige ccnnections can be
prefabricated and shipped to the site. Straight pipes can ke
shipped to the site and welded to the prefabricated joints, thus

reducing field labor and ensuring the proper taper.

The tower will have adequaté aircraft obstruction lights,
lightning protection, access platform stairs, ladders, piping
supports, and lighting in accordance with the requlations of FAA

and OSHA.

Foundation Desiqgn. The foundation consists of four 3 m (10 ft)

thick concrete footings with 4.6 m by 4.6 m by 3 m (15 ft by

15 ft by 10 ft) deep concretg pilasters, The footings are tied
together by a 3 m by 3 m (10 ft kty 10 ft) concrete tie-beam, as
shown in Fiqure 5-22. In addition to resistance to downward
loads, the foundations also provide resistance against uplift
(overturning) caused by winds. The uplift forces are transmitted
to the foundations by embedding the lower columns in the
pilasters, and are transmitted from the steel to the concrete Ly.
welded studs. The,fpotinqs are emkedded approximately 6 m

(20 ft) below the ground. The pilaster and tie-beams can be cast
one at time, thus allowing reuse of'the forms to reduce costs.
The reinforced concrete design is in accordance with the
requirements of ACi Standard 318-71, Buildinq Code Requirements

for Reinforced Concrete.
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Analysis of Tower Desigqn. A three-dimensional model of the tower

was analvyzed statically.and dynamically using the NASTRAN
computer program (Ref. 5-7). Torp-of-tower horizontal
displacements under opefatinq and survival wind conditioﬁs were
found to be 38 mm (1.5 in.) and .36-m (14.in.), respectively.
Preliminary response spectra, shown in Fiqures 5-23 and 5-24,

' represent typical émoothea'curves provided for eqﬁipment design.
As seen from thesevcurves, the tower resonance frequency is
approximately 6 cvcles/sec for the horizontal and 2 cycles/sec
for the vertical excitation. The peak accelerations are quite
low. The maximum lateral.displacément at the tower top due to
the operating basis4earthquake (CéE) is .25 m (10 in.)f At this

condition the maximum acceleration is .22qg.

“The 2 and 4 percent damping values used for éhe response spectra
correspond to recommendations for welded or hung equipment
connection and bolted equipment connection, respectively. A

2 percent structural damping has keen assumed for the welded

3teel tower.

The operating seismic event was analyzed, with a 0.15y ground
acceleration, since in actual practice this often governs the
desiqn. The smaller factors of safety allowable for survival

conditions results in a less stringent design criteria.



. 3,88 —

— 2% DAMPING
= o= = 4% DAMPING

)

5 59 — ' I\
g2.5-9 PN
- ;D
g ] /

g /

P

1.~29—H E "r’ |
I

-
-

0 T B — T l
, 5 10 15 20
FREQUENCY {cps)

Figure 5-23 OBE HORIZONTAL RESPONSE SPECTRA—
ELEVATION 190 METERS (630 FEET)



ACCELERATION (g's)

1.94 —

1.29 —

0.65 —

| —— 2% DAMPING

< v 4% DAMPING

T T T
5 .- : 10 15 20 25

FREQUENCY (cps)

Figure 5-24 OBE VERTICAL RESPONSE SPECTRA—
.ELEVATION 190 METERS (630 FEET)

5- 57



’5.3.u Riser and Downcomer Conceptual Design

'The riser and downcomer, which convey the air to and from the
receiver, form the interfaces between the receiver subsyStem and
the EPGS. They connect the receiver on top of the tower with the

gas turbine at the tower base.

The total pressure drop a;lowed in thc_pipinq{ based on
parametric analvsis,;is 41.4 kPa (6 psi). Heat leak throuqh the
insulatioq results in a 4.4C (8F) temperature loss in koth the
riser and downcomér; This is aprroximately 1 percent of the

design point‘temperature'rise in the receiver.

Riser. The riser piping, operating with compreésor discharge air
at approx1mate1y 368C (695F) and 1.09 MPa (160 psia), is made of
rolled and welded carbon steel riping with 5 cm (2 in. ) of
external insulation (Durablanket made by Carborundum). The pipe
-,dlameter is 1.3 m (51 in.) and the wall thickness is 1.6 cm
.(0.625 in.), in accordance with the. Code for Power Piping

(ANSI B31.1).f In place of the expansion loops assumed in the
parametric analvsis, expansicn joints are used to allow for

thermaliqrowth. "This minimizes the lenqgth and-weiqht of piping.

The riser will either operate at about 368C (695F). .in the hybrid
mode or will be riear ambient temperature when the receiver is
bypassed in the fossil-only mode. Based on ccnceptual-level
analyses, the piping is hot expected to need any slower warmup

period than the receiver.
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Two connections are provided at the‘compfessof discharge of the'»
jas turbine. These join into a single pipe near ghe turbine and
run horizontally above the ground to the tower. In the tower the
riser runs parallel to one of the main tower columns to a point
just below the receiver platforh}'where the pipe'branches:ihtb
six flow paths, two to each receiver caviﬁy. Fibure 5-25 is an
artist's concept of the piping arrangement around the receiver;
showing both riser and dqwn¢omer. The diameter of the brarich
piping is specified to give nearly the éame'air vélocitv as the
main riser pipe, which has a design velocity of approkimately

33 m/sec (108 ft/sec).

Downcomer. The downcomer piping, which handles air at the
receiver outlet of 843C (1550F), is exposed to more severe ]
service conditions, which include significant thermal transients.
Several design alternatives were eValuated; covéring the range'
from high-temperature alloys, such as Inconel 617, to refractory
lined steel pipe, often used for furnace transfer piping in a

similar temperature environment.

The selected design, shown in Fiqure 5-26, consists of an
internally insulated steel pipe  with a metallic inner lineér, made
of rolled and welded Inconel 617 plate with a diameter of 1.u5>m
(57 in.) and é thickness of 6 mm (0.25 in.). The actual pressure:
boundary on the outside is formed by a 1.67 m (66 in.) diameter
19 mm (.75 in.) wall carbon steel"pipe,‘ﬁhich operates at:a
maximum temperature of about 120C (250F). Between the liner and

“he pipe there is an 89 mm (3.5 in.) thick Durablanket ceramic
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fiber insulation, .10 kg/m3 (8 1lk/ft3), manufactured Ly

Carborundum.

The layout of the downcomer pipe is nearly parallel to the riser.
Six pipes connect to the top of the receiver cavities, as shown
in Fiqure 5-25, and join to a sinqgle large pipe. At the gas
turkine, the downcomer is branched into two pipes for connection
to the combustor plenum chamber. The design point air velocity
is nearly constant at 49 m/sec (160 ft/sec), through all the

pipes.

Design and development work is required before this intermally
insulated piping concept can be used with confidence in a
commercial power plant. Connections to the receiver and the gas
turbine, anchoring of the liner and the insulation without
producing hot spots, and details of the expansion provisions of
the liner need further develorment work. However, this concept
appears to be the most cost effective and is similar in principal
to those proposed for other conceptual designs (Refs. 5-8, 5-9,‘

and 5-10).

The constant receiver airflow orerational philosbphy results in
slow thermal transients during the diurnal solar variation.
However, during cloud transients, the downcomer air temperature
is expected to drop from a maximum of 843C (1550F) to
approximatecly 370C (700F) in as little as S minutes. If

necessary, the severity of these transients can ke reduced



through bypassing the solar receiver or using early warning of’

cloud approach to moderate the effects.

Valves. Valves, shown in Fiqure 5-27, are required in the riser
and downcomer piping to handle the operational requirements of

the solar/nonsblar interface.

The valves in the riser piping are of conventional design. The
riser isolation valve (V1) is closed only during long-term fossil
operation. The éavity distributiqn valves (V3 through V9) are
used to adjust the air flow with the diufnal variation in the
solar input to the three cavities. Thermal relief.Qalves (not
shown) will be necessary on the inlet side of each panel for

equipment protection.

Service conditions of the valves exposed to the downcomer air are
more severe. The downcomer isolation valve (V2) must ke able to
withstand the 843C (1550F) air for several hours each day, Lut
will not be operated at temperatures much above compressor
discharge to isolate the receiver. The kypass valve (V3) is
exposed to a large temﬁerature differential when closed, and some
cooling air flow will probably ke required. The atmospheric:dumb
valves (V10 through Vv15) are used to prevent compressor surée ty
dumping a portion of the total airflow when valves V2 and V3
restrict the airflow through the turkine during loss of load
trips of the gas turbine. Further study during preliminary
design may allow these valves to ke moved to the cold side of the

receiver.
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Inquiries to valve vendors vielded a few examples of valves fuilt
to withstand the temperature conditions in the downcomer. The
Clow Corporation recommenaed their Tricentric valve whicﬁ'has
been used for other high-temperature air applications. The
downcomer isolation valve {V3) included an internally insulated

steel body and a hydraulic operator.

Valves for the 843C (1550F) air are not in the commercial
egquipment cateqgory as yvet, although in the opinion of Clow
Corroration, valves can be built to withstand the solar hybrid

service requirements.

Expansion Joints. Expansion joints serve to compensate for

thermal expansion of the steel pipe resulting from temperature
changes of approximately 390C (700F) for the riser and 95C (170F)
for the downcomer. Using expansion joints instead of piping
loors to absorb the thermal growth of the riser and'downcomér
piping was found to be the economic choice over the preconceptual
design. These joints are relatively inexpensive, and with good
desiqn practice, can provide reliakle service. An estimate of
the ;equired number of joints and kudgetary quotes were obtained

from Pathway Corp.
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5.4 STORAGE SUBSYSTEM

The conceptual design hybrid system has no energy storage
provisions. As discussed in Subsection 4.3.3, the value of
storage is negative under the economic parameters used in this

study project.
5.5 NONSOLAR SUBSYSTEM

The nonsolar subsystem, consisting of the combustor and the fuel
storage and supply provisions, is treated under the EPGS, because

it is an inteqral part of the gas turkine and its auxiliaries.
5.6 ELEFCTRIC POWER GENERATION SUBSYSTEM (EPGS)

Primary functions of the EPGS include thermal to electric energy
cqnversion, fossil fuel handling and combustion, waste heat
rejection, and site power distrihution. The energy conversion
function is served Lty threelmaior components: the gas turkine-
generator, the heat recovery steam generator (HRSG), and the

steam turbine-generator.

5.6. 1 Performance

The three basic operating modes of the EPGS are:

° Hybrid mode (fossil and solar heat inputs)

. Fossil-only mode (long term or short term)
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. Solar-only mode

The nominal capacity in the hykrid mode is 112.6 MWe net. The
plaht output in the fossil-only mode is slightly akove 113 Mhe
net. Heat balance diagrams pregared for each mode provide
detailed cycle characteristics. Additional information on these

three modes is given in the EPGS data 1list in Volume III.

Hybrid Mode. Fiqure 5-28 is the heat kalance diagram for the

hybrid operating mode showing the flow parameters'at design
point. Total steam production is approximately 43 kg/sec
(340,000 1b/hr). The Ligh- and low-pressure steam represent
arproximately 84 and 16 percent of the total, respectively.

Gross electricalroutput of the comkined cycle is 115,940 kW, with
the gas turbine-generator acccunting for about 64 percent of the
output. Net plant heat rate is aprroximately 8229 kJ/kWh

(7794 Btu/kwWwh) and reflects the auxiliary power demand of akout

3340 kW.

Long-Term Fossil Mode. This mode represents plant operation

without solar enerqgy input and with the receiver bypassed. As
shown in Fiqure 5-29, the major differences between this mode and
the hybrid mode are the increased fuel requirement, slightly
higher gas turbine exhaust temperature, and a slight decrease in
total steam production. The relative proportions of high- and
low-pressure steam remain the same as in the hybrid mode. Gross
electrical output in this mode is slightly higher (116,340 kW),

but the relative contributions of the gas and steam turbine-
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generators femain unchanged. The net glant heat rate is about
8562 kJ/kWh (8116 Btu/kwWh), which is akout 4 percent higher than
that of the hybrid mode. The long-term fossil mode is part of
the daily startup and shutdown sequences and will ke used, in

addition, to supply electric energy on cloudy days.

Solar-Only Mode. In this mode the hybrid plant can only produce

a fraction of its rated output. It was analvyzed td define the
lower limit of hybrid operation with minimum fossil fuel input.
As indicated in Fiqﬁre 5-30, steam production in this mode
decreases to about 21 kg/sec (166,000 lb/hr), and steam pressures
and temperatures at the turbine inlet are lower. High-pressure
steam production is 74 percent of the total. Gross electric
output is about 43.1 MW, with the gas turbine accounting for

68 percent of the output.

Short-Term Fossil Mode. 'This mode ditters from the long-term

fossil mode, since the compressor discharge air continues to ke
routed through the receiver. It is used, for example, when
insolation is only temporarily interrupted due to cloud passage.
In this mode the fuel requirement inéreases by about 1 percent
and the plant gross output decreases Ly about 0.2 percent. These

changes are due to losses in the receiver and associated piging.

Performance Variation. Part-load oreration of the hykrid power

system is achieved ky reducing the fossil fuel input to the gas
turbine combustion chamber. Fiqure 5-31 shows the variation of

steam cycle pressures at less than full power operation. The
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lower operating limit is dictated by steam turbine design and
represents the point kelow which operation of the steam turtine
would be impractical. Below 35 percent of rated output, only the
gas turbine would be operated; condensate-feedwater would be
recirculated to the HRSG evaporators, maintaining the steam cycle
in a hot standby condition, readvy for startup should an increase

in power demand occur.

Figure 5-32 shows the variation in net heat rale as a function of
plant load. As the figure shows, the heat rate increases in all
moﬂég at part lvad, indicating rpoorer performance. The fiqure
also shows the maximum plant outpu; variation due to changes in
wet and dry bulb temperatures. Tlant output variation due to
changes in relative humidity can also be derived from this

fiqure. Figure 5-33 shows the effects of altitude above mean sea

level on plant output and heat rate.

5.6.2 Gas_Turhine-Genexator

The gas turbkine is a Westinghouse W-501 combustion turbine and
consists of three basic elements: the axial flow compressvr, a
combustion svstem, and a power turbine. These are comkined into
a single assembly, shown in Fiqure 5-34, that can bé shipped

complete with rotor in place. The turbine rating is 86 MWe.

The hydrogen—-cooled generator and exciter are equipped with
inteaqral lube o0il and cooler piping and necessary

instrumentation. The generator and combustion turbine are solid

5-76



. NET HEAT RATE (%)

140 —

120

100

GT ONLY \

DRY BULB
W TEMPERATURE
\
WETBULB y N\~
TEMPERATUREY '\

REGUCED FOSSIL
FOSSIL ONLY

—20

20

I I T I ] I
20 40 80 80 100 120
PLANT LOAD (%)

Figure 5-32 VARIATION OF HEAT RATE AS A
FUNCTION OF PLANT LOAD

TEMPERATURE, ¢



104~

92+

884

NET PLANT.OUTPUT AND NET PLANT HEAT RATE, PERCENT

HEAT RATE

96

PLANT OUTPUT

I ! ! 6 ] 1
0 200 400 600 800 1000 1200

ALTITUDE, METERS

Figure 5-33 EFFECT OF ALTITUDE ON NET PLANT PERFORMANCE




6L-S

Figure 5-34 GAS TURBINE (WESTINGHOUSE W-501)




coupled. Shaft-mounted axial klowers circulate hydrogen cooling

through the generator.

The gas turbine-generatbr nameplate rating is 96 MVA at:

13.8 kV at 0.9 power factor

. Air inlet pressure of 93.8 kPa (13.6 psia),
corresponding to 678 m (2225 ft) elevation akove sea
level

. Compressor airflow of 333 kq/sec (2,640,000 1lks/hr)

) Ambient temperature of 4.4C (40F)

The compressor pressure ratio is 11.8:1, turbine inlet.
temperatufe is about 1085C (1985F), and the exhaust flow
temperature is about 537C (999F) when operating in the hybrid
mode. The turbine exhaust is ducted to the heat récovery steam

generator (HRSG) inlet.

The majority of the auxilidary egyuigpment for thc gas turbine is
installed in two tactory-assembiled enclosures, making the.gas
turbine~-generator a nearly self-contained unit. Water-cooled
heat exchangers are used to cool the gas turbine-generator

auxiliaries.

Due to the high inlet temperatures, the conventianal gas turbine
combustor must be modified to prevent the combustion liner from.
overheating and to minimize the qenerétion of thermal NOy. The
turndown requir§ments, when orerating on reduced fossil input at

part load, also exceed the range normally encountered in
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cbnventional gas turbine operaticn. These factors suggest a
catalytically-enhanced mode of comkustion for the conceptual
dés;qn. Labqtatorv investiqétions‘demOnstrated thaﬁ typiéal gas
turbiﬁe fuéls‘cén be hurnéd with minimal production éf thermal

NO, at high combustion efficiencies {Refs. 5-11 thtough 5-16).

The catalytic element is composed of a cylindrical ceramic
honeycomb structure on which a rroprietary noble metal catalyst
is deposited. As the mixture of fuel and air passés through the
catalvytic element, the fuél is oxidized kelow the threshhold
*témperature 1650C (3000F) for‘siqnificant thermal NOy generation,

and only the fuel-kound nitrogen is converted to NOy.

Catalytic combustion systems are currently being developed to
replace combustors in existing convenﬁional stationary gas
turbines. Since these combustors operate with constant air inlet
temperature, a conventional precomkustion section is needed to
meet the special solar requirement of varying inlet temperatures.
The resu;tinq hybrid combustof cdnceptuél_design'ié‘Shown in
Fiqure 5-35. Sixteen such cﬁmbustor cans are arranged

circumferentially around the W-501 gas turkine.

All of the airflow from the receiver is passed through both
sections of the combustofs. The prepombhstor is designed to
control the inlet temperature to the catalyst within a range of"
about 700 to 850C (1300 to_1550F).. This maintains the best
efficiency of the catalytic element while minimizing the prgssﬁre

loss. The precombustor efficiency is not critical, since any
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unburned fuel will be oxidized in the catalytic element. This
greatly eases the fuel nozzle design for a varying temgerature
requirement and allows greater turndown capability for the

precombustor.

The combination of thevprecqmbustor anq the catalyticfelement can
meet all the opgrational requirements for the solar combinedl
cycle hvbria plant. Startup is initiatéd'with the precombustor.
The turbine is accelerated and loaded té the precombustor limit
before the catalvtic combustor fuel is turned on to bring the
turbine iﬁlet temperature to the design value. 4§he‘precombustor-
fuel flow is varied to adijust £o'the available solar input for
relatively constant inlet‘temperafure operation:of the catalyst
during full 1oad; For reduced fossil opefatipn, the fqel flow to
the catalyst.is reduced; £hereb§ lbveriﬁg the turbine iﬁlet

temperature.

The NOy generated by fhe.precomhusto; pérallels thaf 6f a
conventional combustor, but since i@ burns only akout one-half of
the total fuel, the NOy emissions are much less than a
conventional combustor. During solar hvb:id operation with high
combustor inlet temperatures,‘léss fuél is burned in the

precombustor and less NOy will ke generated.

Standard auxiliary equipment and aqceésories supplied with the

gas turbine include:

° Starting package
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- 1500 hp elecfric motcr, 5 Kv-1800 rpm
- Turning gear- module

. Electrical control package

° Mechanical package
- Lube 0il pumps, reservoir, and accessories
- Generator seal o0il system
- No. 2 distillate fuel system

L Inlet air duct énd silencer

) Exhaust gas silencer

. Turbine enclosure

o Cooling air cooler

o Lube 0il cooler

. Hydrogen cooler

. Fire protection systems

"5.6.3 Steam Turbine-Generatcr

The steam turbine is a sinéle—casinq, single-flow, nonreheat,
3600 rpm condensing turbine with 59.69 cm (23.5 in.) last-stage

klades, designed by Westinghouse. T+ has an uncontrolled

secondary steam inlet to theAintefmediate—pressure stages of the
turbine and no external extractions. Intecrnal details of a
typical Westinghouse steam turbine for this service are shown in
Fiqure 5-36. Steam conditions at 100 percent guaranteed load are
6.9 MPas510C (1000 psias950F) at main steam throttle and

1.7 MPa/316C (250 psia/600F) secondary steam throttle conditions.
The turbine is capakle of variatkle-rressure operation and is

rated at 46 MWe.
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The generator and exciter are of standard design. The turbine-
generator set is complete w;th an electrohydraulic control systen
to control the steam flow throuqh the turbine and all necessary

auxiliaries. The generator nameplate rating is 51 MVA at:

e 13.8 kV at 0.9 power factor
o . Condenser back pressure of 8.5 kPa (2.5 in)

e Zero makeup

The electrohydraulic control,crovided for this turbine-generator
unit combines the advaﬁtaqes of solid-state eleét:onics with
those bf high-pressure hydraulics to control the stgam flow
through the turbine.

i

Standard steam turbine accessories include the following:

. Protective valve system

. 0il puhpinq system with o0il reservoir, oil pumps, and
0il coolers

e Steam seal equipment
. Motor-operated turning gear
) Supervisory and operating instruments

e Heat retention and metal lagging material

The electrohydraulic control accessories include:’



. Electrical cqntrol.circuits

e Valve ogeratihq devices

. Emergency trip'§evices _

e High-pressure hydraulic system

] Digital electrohvdraullc cablnet, operating, and test
panels

Accessories for the generator include:
) Hydrogen cooler
e Instruments

° vacuum seal system

) Hydrogen control svystem

5.6.4 Heat Recovery Steam Generator (HRSG)

The HRSG is a natu;al—circulation, dﬁalfpressure, water tube
boiler with parallel superheaters. At 100 percenﬁ design load
and rated conditions, they are designed to produce 39.6 kg/sec
(314,500 lb/hr) of steam at 6.9 MPas/580C (1000 psia/950F) and

7.0 kq/sec (55,500 1b/hr) of ‘steam at 1.7 MPa/316C

{250 psia/600F). Steam piping pressure and temberatﬁre losses
were neqlected. An additional 6.9 kg/sec (55,000 lb/hr) of steam
at 207 kPas121C (30 p81a/250F) is generated in a separate low-
pressure evaporator section, wh;ch is used exc1u51ve1y as motive

steam to the constant-pressure feedwater deaerator.



Gas flow of 333 kg/sec (2,640,000 1k/hr) at gas turbine rated
conditions is horizontal through the HRSG sections. A
perspective illustration of a typical HRSG is shown in

Figure 5-37. More detailed HRSG design information is included-

in the EPGS data list in Volume III.

5.6.5 Gas Turbine Auxiliary Systems

s .

The svsﬁem shoﬁﬁ in Fiqure 5-38 is designed to store and supply
fossil fuel to the gas turbine safely and reliabiy during all
operating modes. The fuel is unloaded from tank trucks or
railway tank cars, transferred to storage tanks; and is pumred
from these;taﬁks tovthe gas turtine as well as to the plant

auxiliary boiler and the emerqgency diesel generator.

Component Description. The unloading pump transfers fuel o0il
from the transporting tanks into the storage tanks. It can
deliver oil at 1.1 m3/sec (550 gpm) at a head of 30 m (100 feet)

and is controlled by local on/off switches.



Figure 5-37 PERSPECTIVE DRAWING OF HRSG
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Each of two storaqe.tanks has a.qhe-millidn-qallen caracity and
is sized for 30-day ndrmel’operation of'the plant. A diked area
around each tank is_sized to contain the full volume of fuel in
the tank in case of its rupture. The tanks are fitted with
nozzles for connections to' the unloading pump, the transfer
pumps, recirculation lines, drain lines, breather and flame
arrestor, and local level indicators. Low levels and high
temperatures in the tanks'are.bOth annunciated in the main
control room. ‘A manually actuated mechanical foam system is

provided for fire protection with each tank. .

Fuel transfer pumps supply the“required-fdel to the gas turkine
and the diesel deneratorvdav tank. Two full-capacity centrifugal
pumps are provided for redundancy. Each pump.can deliver

0. 67 m3/sec (300 qpm) at a head’ of 76 m (250 feet). A minimum
flow rec1rculat10n or1f1ce on the dlscharge side of each pump

protects aqainst oVe:heatinq.

The diesel qenerator day tank has 0 38 m3 (100 qal) capac1ty.. It
is f111ed from the transfer - puUmE d1scharqe header via a manual B
valve. W1th the use of the dav tank, emerqencv operatlon of the

diesel qenerator does not depend on operation of the transfer

rumps.




[

The turbine fuel supply bump is a positive‘dispiacemeht rotary
type that raises the oilvpressure'to"u;1‘MPa (600.p91a). y:\
reliefAvalve af the pump diséharqe prevents,ovefpressurization of
the sysiem. A discharqe-nrésSuré control valve is provided to

bypass excess fuel back to the séorage tanks.

The flow.divider distributes equal flow for each fuel nozzle in

the comhustor.

P S - : : L e

System Operation. Thé fuel 0il ‘transfer éumps take suction from
thé storage tanks to deliver fﬁgl téwthe turbine fuel supply
pump, which deveiops adequate ;Qeséure‘to meét comkustor
requirements. The throttle‘valve-ih the éupéi& pump discharge
header controls the fuel flow, in‘respbnse to.a signal from fhe

gas turbine control system. Excess oil is returned to the

storage tanks by the pump discharge pressure control valve.

An overspeed trip valvé opérafes“iﬁwresponse to the;loss of
pressure in the hvdraulic oversﬁééd“trip system, which is
interiocked-with all other emérqencv trips. Thus a turtine trip
causes fuel supply to fhe comhuét6f t6 bé éﬁut’bff. The transfer
pumps are ébntrolled bv on/éff aﬁtométic éﬁi£chesiin the main'
control room. In autbmatic’mode the sténdby*pump starts
automatically in response to preééuié'loss in the discharge

header.

5-92



-

5.6.6 Steam Cycle Auxiliary Systems

Constant-Pressure Deaerator. The sgray-type feedwater deaerator

FIYC N

S

has two stages with an'inte;nal vent‘condenser-and was'aiéed to
accommodate appronimateiv 46.6 kq/sec (376,000 1k/hr) of;
condensate at tatedvconditions.? Motive steam flow of '
approximately 6,9;kg/sec‘(Ss,pooilb/hr)_is supplied from the HRSG
‘low-pressure (LP)‘evaporator at a constant 207 kPa (30 psia)
pressure over the enti;e load range. This ensures a minimum
feedwater temperature:of‘about 121C (250F) to the intermediate-
pressure (IP) economizer sectlons of the HRSG. Storaqe tank
capacity is about 2u 6 m3 (6500 qal), which is equ1valent to

9 mlnutes of storage. The tank 3129 is part of a standard design
Afor deaerators of thlS tvpe and 51ze.

Additional feedﬁatet heatind'is done in the HP and LP economizer
sections of the‘ﬁRSé,- Tnere are notexternal feedwater heaters
and no steam turbine e#traCtions, eince there is enouqgh energy in

S R : Lo
the gas turbine exhaust to do_all feedwater heating.

Condensate-FeedWater Pump gequitements. Two nominal half-
capacitv, vettical, motor—dfiten; canned, turbine pumcs deiiver
condensate to the constant—pressure deaerator. The 24 1/sec
(380 qpm) capac1tv condensate pumps operate in parallel. The

pumps supply water at 163 m (535 ft) head at the operatlng.point-

Two nominal half4capacitv, motor-dgiven,'feedwater booster rumps

take suction ffom_the deaerator storage tank and discharge
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through the IP economjzer_to the LP_bqiier steam drum and the
suction of the main. feedwater pumps;. These centrifugal,
horizontal split-case pumps operate ih_pa:allgl-v They have .three
stages and a»capacity.of“25,2-1(sec_(900 gpm) eéch, at 218 m

{715 ft) head at.the.ogeratinqﬂrqint.

Two nominal hélf-capgciﬁv, motd:—driﬁen,‘feedwater pumps take
suction_from the booster pump discharqeaand supply feedwater .
throﬁgh the high-pressure econoﬁi;er:to the high-pressure boiler
steam drﬁm. The feedwater pumps operate in parallel. They are
centrifugal, horizontal split case type with eight stages and a
rated capacity bf 23.3.1/sec_(37b,gpm)_and §ischarge head of

B0O8 m (2650 ft) at tpe:operat;nq point.

Main Condenser. The main gondenser is a single-gressure, two-

pass,surface condenser with a inided water box and a hotwell
storage capacity of approximately 13 m3 (a60f£3), which is

equivalent to about 5 minutes of storage. -

The condenser design duty ié 102;6 MWt (350 Métu/hr); The
condensing surfacékis approximﬁtelv 3“30 m2 (37,“75»f£2). A
water temperature rise across fheﬂcondenser of 8.3C (15F) is
assumed and coblipg water r¢quirement§ afé approkimately

2945 l/sec (46,700 gpm).
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Cooling Tower.  The cooling tower is a meéhahicai draft

evaporative tower consisting of four cells, with dfift
eliminators. Cooling:tower duty is 112.8 MWt (385 MBtu/hr) and
the approach to- the 'design wet htih'tempefature is 6.1C'(1iF);
Circulating water flow to the -tower ‘is approximately 3236 l/sec
(51,300 gpm), with an estimated makeup flow of 82 1l/sec

(1300 gpm).

P
Two ‘half-capacity circulating water rumgs cirdulaﬁé;tﬁbmcébling
water from the cooling tower bBasin to the mainh condenser and to
the service water pump suction. ‘At the'opératinq point, each
pump has an approximate rating df f892'1/§ec (30,006'qpm) at
15.2 m (50 ft) head. The cooling tower cells are fan-equipged.
The power requirement for each fan is approximately 100 kW

(140 hp).
' The entire heat rejection system, including cooling tower,
condenser, circulating water system, chemical treatment, and

tower blowdown, is shown schematically in Figure 5-39.

Water Treatment  and "‘Condensidte“Makeup. The raw water makeup to

the cooling towers is chlorinated and acid-treated at the cooling
tower basin. Water required fof¥ station makeup is chlorinated,
lime-softened, clarified, and filtered using normal céld process
treatment procedures. Condensate makeup is supplied from the raw
water system and is processed in the makeup demineralizers prior

to storage in the condensate storage tank.




5.6.7 Site Power Distribution

The main functions of the site rower distribution system are to:

. Receive and control electrlc energy from the gas-
turbine-driven generator and the steam-turbine-driven
generator :

° Provide electric power to the plant subsystems,
including auxiliary vower requirements to the receiver
and collector subsystems

. Provide standby and emerqency power to essential loads
during loss of offsite power

. Deliver generated power to the utility grid Aduring
normal operating periods and supply offsite power to

plant auxiliaries during startup, shutdown, and standky
operating modes .

As shown on the single-line diaqram in Figqure 5-40, the following

major electrical equipment items are included:

° The electric portion of the steam turbine-generator

o The electric portion of the gas turbine-generator

° 13.8/115lkv main transformer for each generator circuit
. 13.874.16 kV main station auxiliary transformer

U Reserve auxiliary stepfdown transformer

. 4.16 kv, 1200 A metal-clad switchgear

) 37.5 kva transférmegs'ﬁo; heliostat drive circuits

° 1000 kVA 4160/480 V step-down transformeré

. 37.5 kVA, single-phase #4160-120/240 V step-down
transformers

o 1207240 V distribution ganel

° 650 kW standby diesel generator
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A grounding system is provided tc grotect against lightning,
static electricity, and faults in electrical equipment. This
grid consists of major grounding cakles along each heliostat row
with perpendicular cross connections spaced approximately 140 m

(460 ft) or every tenth heliostat.
5.7‘ MASTER CONTROL SUBSYSTEM

The primary function of the master control subsystem (MCS) is to
inteqrate the operation of'various plant subsystems in response
to externai grid demands or changes in insolation. A secondary
function is to perfofm data logging and performance trending of

system parameters.

5.7.1 Requirements

The MCS must conform to accepted rower plant design practices.

Consistent with these practices, the subsystem must ke akle to:

° Interface between the MCS and other subsystem controls

- Usc proven designs and oft-the-shelf equipment as much
as possible : i

° Eliminate sinqle—point failures through redundant
elements when cost-effective

] Separate operational controls from data logging and
evaluation function

] Allow manual operation of the plant if the MCS fails
e Be flexible

° Re cost-effective
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In general, control decisions affecting only one plant subsystem
and its related auxiliaries should ke made within that subsystem,
while decisions affecting overall plant performance should ke
made by the MCS. Plant operator action is required to initiate
plant mode selection. Table 5-15 indicates the operational

status of the major subsvystems for various plant operating modes.

5.7.2 Collector Suksystem Controls

Of the two primary configurations evaluated in the parametric
studies, the intermediate level control confiquration,

(Figure 5-41), was selected for conceptual design. This system
is compused of a hcliostat array controller (HAC), heliostat
field controller (HFC), and heliostat controller (HC).
Components, hardware, and software needed for this configquration
are currently being produced for technically similar eqﬁipment.

This system was selected because it has:

) Low capital cost

o High reliakility

. Low operation and maintenance cost
. System flexibility

. aAvailable components
Since the decentralized system offers potential simplicity and

low cost at high production levels, it should be reevaluated as

experience with the intermediate—-level system accumulates.
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TABLE 5-15

SUBSYSTEM STATUS FOR VARIOUS PLANT OPERATING MODES,

Subsystem Operating Status

Plant Electrical Power
Operating Generation Subsystem

Mode -Collector | Receiver - Nonsolar

Gas " Steam Steam
Turbine Turbine Generation

Startup Off Off Warm-up Warm-up Warm-up On
Standby Off Warm-up Idle Warm-up On On
Long-Term
Fossil Off off On On On On
Hybrid On On On On On On
Shutdown off Cool-down | Cool-down | Cool-down Cool-down Off
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The central feature of the intermediate-level system is the HAC.
‘This consists of a 256,000 byte memory version of_a Hewlett-
Packard HP9835A computer interfaced withothe'master centrol
subsystem, a time signal generator, and approximately 20
heliostat field controllers. The HAC calculates and transmits. to
the HFCs soiar vector direction cosine data, operating mode

specification, and target coordinate data.

The HFCs make.dp a Hewlett-Packard HP9825S mihicomputer and
multiproqrammer network, interfaced at the minicomputer with the
HAC and at fhe multiproqrammer with.the individual HC's. The
minicomputer receives control data from the HFC, performs the
steering algorithm, aﬁd’communicates individual heliostat
requirements to the multiprogrammer for communication with each

of the approximately 256 heliostats under its supervision. .

- The HC consisfs of a microprocessor, translator, power supply,
and azimuth and elevation stepper motors for execution of thev
position commands. Position commaoos consist of stepring pulses
and the azimuth and elevation position is based on step count

with baseline position knowledge derived from limit switches.

The pointing accuracy Lbudget, ser at 0.75 mrad per axis,.is split
between mechénical‘backlash (0.38 mrad in the elevation drive and
0.45 mrad in the azimuth drive) and the control dead Land

(0.3 mrad). éince a one-step movement of the drive motor results
in a minimum potentiai‘control increment of 0.0075 mrad for the

elevation axis and 0.0089 mrad for the azimuth axis, cantrol
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pulses as large as 30 steps are rossible within the control dead

band and will be typical while ogerating in the tracking mode.

The selection of 256 heliostats for unit HFC control results in
flux steps of 5 percent of full power. Using a stepper motor
speed of 1000 steps per second results in a maximum travel timeA
of 6.9 minutes for 3.14 rad (180 degrees) in elevation and

10.4 minutes for 4.71 rad (270 deqrees) in azimuth. Defécusing
within 120 seconds can be accomplished with a large margin at

speeds of 1000 steps per second.

A study of the tracking speed and tracking angle rates for ten
selected heliostats at summer solstice, equinox, and winter
solstice showed that at all locations where singularities were
encountered, the tracking speed was sufficient to maintain

tracking during these periods.

5.7.3 Receiver Subsystem Controls
The receiver subsystem control functions .are to:

. Proportion the receiver airflow so that the outlet
temperature of each panel is equalized

- Bypass Llie receiver during long-term £fo33il made

The first function is accomplished with modulating butterfly
dampers located in the inlet rire to each receiver panel. The

dampers are wide open on the central panels with the highest,
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incident flux, while the flow through the other panels is
restricted until all the outlet temperatures are equal.
Adjustment of air flow to the cavities is accomplished by valves
in the riser piéinq which compensate for the diurnal motion of
the sun from east to west. With constant airflow, the overall
recéiver temperature control is accomplished by focusing or
defocusing the collectors. Each of the three receivers has
separate temperature sensing systems that send a demand signal

through the MCS to its respective collector field.

Bypassing the receiver during long-term fossil mode oreration is
accomplished by valves in the riser and bypass piping. Control
input is initiated by the operator when the plant operating mode

is changed.

Since these controls have predetermined set points on the control
elements, an analog approach grovides the simplest and least
expensive control scheme. The analog logic is activated or

deactivated upon signal from the MCs.

No special controls are necessary to handle cloud passage
transients. Using the specified cloud velocity of 20 m/sec, it
will take a minimum of 50 sec to okscure the collector field from
the sun. Once Solar flux is comgpletely removed from the
receiver, more than'Slminutes is required for the receiver outlet
temperature to fall below 425C (800F). The gas turbine fuel rate
can be increased within a few seconds to keep the turkine inlet

temperature constant. The response rate of the gas turbine to
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compensate for the loss in solar enerqy is much faster than the
rate of change in solar energy. This feature allows the gas
turbine to compensate for solar input transients withéut upset to
the remainder of the EPGS and does not require Buffer thermal

storaqge.

5.7.4 EPGS Controls

The function of the EPGS control system is to regulate the
conversion of thermal and fossil fuel energy to electric power.

EPGS control consists of three independent control packages:

e Gas turbine control
. Steam generation control
° Steam turkine control

These packages use commercially available equipment, inteqral to
the gas turbine and steam turkine. The autonomous nature of
these control packages is consistent with the requirements tor
manual backup of the MCS and allows a high degree of operational
flexibility. Table 5-16 summarizes the EPGS subsystem control

packages, the equipment controlled, and the control functions.

Gas turbine control requlates ail functions of the gas turbine-
qeneratof, and the related auxiliarv systems. It is an analog

control package with the following capatilities:

. Automatic fuel control during acceleration and loading’
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TABLE 5-16

EPGS CONTROLS

Control Package

Equipment Controlled

Control Functions

Gas Turbine
(GTE)

Steam Turbine
(STC)

Steam Generation
(SGC)

Gas turbine-~generator, and
auxiliary equipment

Steam turbine-generator,
and auxiliary equipment

HRSG, feedwater pumps,
deaerator, water treat-
ment, condenser, conden-
sate pump, and circulating
water system

Controls turbine speed, gener-
ator load, exhaust temperature,
fuel, and auxiliaries.

Controls turbine speed, gen-
erator load, steam pressure,
and auxiliary equipment.

Controls steam temperature
and flow to meet STC
requirements.
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° Closed-1loor control c¢f sreed, generator outgut, and
exhaust temperature

¢ Inputs for turbine speed, compressor discharge pressure,
generator load, selected cvcle and auxiliary system
temperatures, combustion turkine status, and operator
mode selections

. Automatic generator synchronization

. Generator circuit-breaker ccntrol

In addition to the packaged control system, there is a turbine
overspveed protection in event of loss of generator load. To
prevent overspeeding of the turbine due to the compressed air in
the riser and downcomer a fast-acting butterfly dump valve
located immediately upstream from the combustion chamker is
activated. This valve lowers the air pressure to equalize the
turhine power output with the compressor power input, which keeps
the turbine from accelerating. Airflow is then maintained
through the receiver system until the plant returns on line or is

shut down by operator decision.

Steam turbkine control requlates all functions of the steam
turbine-generator and the related auxiliary systems. It is an

analog control system with the following capabilitvy:

L Closed-loor control of steam gressure, speed, and
generator output

) Inputs for turkine sreed, turkine inlet pressure,
generator load, selected cycle and auxiliary system
temperatures, and operator mode selections

) Automatic generator synchronization

? Generator circuit-breaker control
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Steam generation control requlates all functions of the HRSG,
feedwater pumps, condensate rumgs, and deaerator. It is an
analog control system that features closed-loop control of steam
temperature, feedwater and condensate flows, and steam and
deaerator levels. In addition to controlling the HRSG and
related auxiliariés, it also controls the remaining EPGS
auxiliary systems, such as the condensate makeup water treatment
system and the COndenser circulating water system including the

cooling tower.

5.7.5 Fuel Supply Controls

The fuel supply system controls consist of panel-mounted level
gauges, fuel storage tank low-level alarms, and an interlock to
start the fuel o0il transfer pumps prior to startup of the gas
turbine. All other fuel system controls are provided with the
gas turbine. The fuel supply controls are of the standard analog
type with predetermined set points, controlled by the gas turktine

control within the FPGS.

5.7.6 Master Control

Although a complete parametric study was not conducted to select
the best master control concert, several approaches were
investigated. A centralized computer system was rejected due to
poor utility acceptance of this tyre of system for packaged
combined cycle plants. A modified central computer approach was

examined which uses distributed digital microprocessors rather
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than large central computers. This concept retains the best
features of a central computer system without its inherent
problems. A conventional analog master control system was also

examined for comparison.

The selected MCS uses distributed micro-computers which can ke
used in quantity with the control functions distrikbuted to many
small computers (CPU). The result is that a single CPU failure,
like a single control failure in an analog system, requires
manual operation of only those loops that are associated with the
failed CPU. The remainder of the MCS is not affected. Digital
controls are used where feasikle within the various plant
subsystems. However, if simplicity or availability of hardware
indicates the desirability of analoq systems, these can ke

interfaced with the digital controls.

The current cost of conventional analog is approximately equal to
distributed diqital for the master control. Selection was
therefore based on the operational advantages of the digital MCS.
However, by 1990 the distributed digital approach should ke
significantly cheaper than the equivalent analog system, due to

the rapid development of the microelectronics industry.

Description of Selected MCS. The configuration of the

distributed digital MCS is shown in Fiqure 5-#2. The design is
based on the Westinghouse "O-line" series of microprocessor
hardware for the master control and a Westinghouse 2500 computer

for the data acquisition system.
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The confiquration of a tvpical 10-1loop distributed digital master
control is shown in Fiqure 5-43. It is composed of individual
microcomputers which operate independent control loops but allow
the sharing of information. The information exchange is
accomplished through the in-out (I/C) bus and the memory bus.

The I/0 bus prévides the means of information exchange Letween
the process variable printed circuit koards and the
microcdmputer. The memory bus provides the vehicle for

information exchange between the microcomputer and its memory.

Redundancy. ©One of the benefits of a microprocessor-kased system
is the relativelv low cost of the CPU when compared to the
process I/0 and software. Thus, redundancy of microcomputers
that perform the control algorithms and logic function becomes
economically more attractive. A typical redundant MCS

confiquration is shown in Figure 5-44.

The microprocessor arrangement allows the most economical béckup‘
of the control loops. While a failure in the procéss interface
control circuits or the sensor would still force the control loop
into manual mode, the control processor and logic would ke
redundant. The operator manuél control mode is always availakle

as a final backup.

Data Logger. The rplant data logger is a computer, separate from

the MCS, which monitors and records plant status and alarms

aktnormal conditions. The operator is provided with information
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in enqineerinq units which can ke immediately correlated to the

data provided in the CRT, also in engineering units.

The plant data logqger includes fcur color graphic CRTs with 25
displays. The system is desiqned for 100 analog and 250 digital
inputs, and includes a 50-point sequence-of-events program

printout on one of the three lcqgers.

Philosophy of Control. The pcwer glant is controlled from a

central control room. Operators monitor plant operation and are
available to provide remote manual control as backup to the

master control system.

The control CRT and keyboard rrovide the operator Qith immediate
communication with the microprocessor controlled Subsystém for
establishing plant load requirements, rate of load changes, and
startup and shutdown commands. In addition, the control CRT and
keyboard facilitate simplified diagnosis and location of faijilures
in system hardware or software. The operator supervises the
automatic control of the MCS and oniy intervenes when aknormal
conditions occur. The set point of each control loop can ke
changed by the operator from his control CRT. Loops can be tuned
from this central location, permiting bptimization in
establishing control loop resronse. Changing control loop

characteristics can be accomplished on or off line.
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5.8 PLANT ARRANGEMENT
5.8.1 Plot Plan

Fiqufe 5-45 is a partial site rlan with emphasis on the power
block, administrative, and service kuildings. All buildings are
grouped around the base of the receiver tower, within the 200 m
diameter circle where heliostat rlacement is impractical. The
administration building is located for easy access from the rower
block perimeter roadway. The gas. turbine, heat recovery Steam
generator (HRSG), and steam turktine.are arranged to minimize air
piping runs from the receiver tower and process piping rhns from
the HRSG to the steam cycle equipment. The control kuilding is
located and constructed in a manner that provides a central
location and observation point for the turbine areas and the
tower base. The service building is close to the tower kase with
easy access to all major equipment; it is also convenient to ﬁhe

access roads into the heliostat field.

The cooling towers are located in the southeast quadrant of. the
site. They are at the maximum préctiéal distance from the
‘heliostat field prerimeter and located so as to minimize cooling
tower drift and plume on heliocstat performance. TFuel o0il stbraqe
tanks are in the southeastern quadrant of the plant site at a
'distance in compliance with safetv requlations and good

engineering practice.
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5.8.2 Major Equipment

Relative location and orientation of major process equipment
within the plant area were selected to enhance operability and tb
.minimize capital.and O6M costs. The gas turbine-generator is as
cloée as possible to the receiver tower to minimize air piping
runé from the tower base to the combustor air inlet. The steam
turbine—qénerator is close to the heat recovery steam generator

to minimize main steam and condensate-feedwater .piping runs.

Fiquré 5-46 shows elevation views of the plant looking north and
east, indicating the relative size and position of the major

equipment.

5.8.3 Architectural Considerations

The buildings, structures, and enclosures associated with the
plant are designed to minimize intrusion on the loc¢al 1andscape.
The administration and control room kuildings are made of
concrete blocks; the remaining kuildings and‘enclosures are.of.
prefabricated insulated steel with finished exterior. All
building and enclosure exteriors are finished to blend with the
locale and be aesthetically vpleasing. Any items of‘equipment
that detract from this scheme will ke provided with enclosures to
achieve minimum impac£ and possikly enhance the predominan£

landscape features.
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Paved and secondary roadway ccnstruction is limited so that
associated cost and environmental impacts are minimized. Access
to the individual heliostats for washing, maintenance, and

removal will be achieved by marginal-terrain vehicles.
5.9 SYSTEM OPERATION

This section discusses the operation of the solar comkined cycle
hybrid power system. The gas turkine is the center of system
oreration, since the combustor fuel control has the flexikility
to accommodate any solar.heat input without upsetting the EPGS.
‘The steam turbine simply follcws the gas turkine, aksorbing as
much enerqy as the ERSG is able to extract from the gas turktine

'eXhaust.

5.9.1 Daily Operating Cjcle

Since the solar hybrid plant is considered to be an intermediate-
load unit, if is expected to operaté during the day and early
evening hours with reasonably constant power outpht. A typical
daily operating évcle would generally follow the sequence

described below. “ . ’

Diurnal Startup. Tre plant is started up on fossil fuel with the

receiver bypassed early in the morning, before adequate .
insolation is available. The gas turkine is brought on iine.
first, follbwed’shortlv thereafter by the :steam turbine. A short

time before the acquisition of trackable insolation, airlflow
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throuqh the feceiver is estéblished; Then the heliostat groups
are brou&ht into foéus in a sequenced manner. At this time, the
highest air flow is directed to the west cavity, sincefit
receives almost half of the solar 'input in'thé early morninq} as

shown in Figure 5-47.-

Hykrid Operation. ~The plant ccntinues to operate in this mode

throuéhbut;the major portion-of the day; with the receiver outlet
.température vérvinq with the level of insolation. The receiver
outlet air is held to a maximum of 843C (1550F) by defocusing
'heliostats if nécessary. The rroportion of airflow to the}east,
and west cavities of the-receiver is adjusted periodicaliy to

follow the shift of power during the day.

The actual output of the plant ray vary throughout the day
accordiﬁq to the load demand in the utility grid. At reduced
loads, the‘fossil input is reduced uritil orily solar heat is keing
used. It is not expected that the dispatcher would reduce power

beyond the solar-only condition if he has a choice.

Diurnal Shutdown. When the sun reaches the minimum trackable
angle in the late afternpon, with almost half of the solar input
into the east cavity, the heliostats are éequentially defocused.
After this, the receiver is bypassed and the system is krought to
long-term fossil mode. Operation continues as long as necessary
to satisfy system demand. At the end of daily operation the gas

turkine is shut down completely, kut the steam turkine seals and



condenser vacuum are maintained to allow expeditious resumption

of opérdtion the following day.

5.9.2 Startup and Shutdown Sequence

The normal startup'of tlhe gas turkine is automatically sequenced
and takes about 27 minqﬁes from cold shutdown to full load. The
starter motor first accelerates the rotor to approximately

2400 rpm and at that point the comkustor is iqﬁited. The turkine
is then accelerated, synchronized, and loaded to 4 percent within
13 minutés of initiation. The normal loadinqArate is 7 percent
per minute to full load and rated exhaust temperature. -During
operation; instantaﬁeous load chanqes of 25 percent éie allowed

normally or 50 percent in emerqgencies without trip.

Water circulation through the HRSG is established with pumps at
ﬁinimum flow and the’deaeratdf reqged. At.this ﬁoint the steam
turbine bypass 1is opened‘to the condenser and the main turkine
valves‘are closed. The turbine is on turning'qeaf with seal
steam aﬁd condenser vacuum estakbklished. Whén.sufficient steam
pressure and superheat have been established, the turhinevis
rolled by admitting Hp'steam and accelératéd to rated speed,
svnchronized, and loaded to 5 percent of rating. From.this
point, the load can be increased at a rate of 2 percent per
minute to rated load. The entire'process from ignition of the
gas turbine to rated load of the steam turbine is estimated to

take 120 minutes.
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During gas turbine stértup, the recéivef is bypassed, although a
warmup valve can be used to pressurize and preheat the receiver
and air piping. Air‘is routed té the receiVér'in anticipation of
solar input reaching 500 W/m2. After flow ih the receiver is
established, the heliostats will ke sequéntially focused and the
combustor is used to automatically adjustAthe fossil inpuf to
maintain turbine equilibrium. Fiqure 5-48 illustrates the
approximate loading sequence of the receiver‘for aAnormal.

startup.

Normal shutdown of the tuxbihes is accomplished'by reducing load
to the minimum value with the normal.ramp rate.and then opening
the qénerator breakers ana alibwinqhthe'fotors to coast down.

The gas turbine remains on turning gear until cool‘and the steam
turbine.remains on turning gear as long as steam seals and vacuum

are continued.

5.9.3 System Transients

Events such as steam turbine trip have the?saﬁe impact on the
system ‘as for a conventional comkined cycle plant. Further work
is necessary during detailed design to make sure that all
contingencies are covered. However, two siqnificént transients,
deséribed below, have keen identified that have unique

implications for this plant.

Cloud Passage. A large cloud travelling at 20 m/sec could reduce

the colar input from design value to zero in about 50 or
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60 seconds. The combustor can easily adjust the fossil fuel flow
to maintain stable operation cf the EPGS. It is estimated that
ihe receiver and air piping can handle the adverse thermal
effects without damage. The receiver would probably le kypassed
to limit the‘rate of cooling after the heliostats were defocused
or are shaded. During detailed design, the actual operating
parameters for the receiver must ke estaklished based on site-

specific parameters.

Gas Turbine Trip. Since the gas turkine 1s the cornerstone of

the power system, trip repfesents the most significant system
upset in the hybrid plant. Several actions must be taken
automatically in the event of a trip. The heliostats must ke
defocused quickly to limit the solar heat input, which requires
operation of the diesel generator if the trip is comkined with
loss ot ottsite power. In addition, the amount of compressed air
stored in the system must be rrevented from causing the gas
turbine to overspeed. To achieve this, maximum flow through the
" compressor is maintained while a portion of the stored air is
vented through the air dump valves. The turkine trip valﬁe,
unique to this type of system, must act quickly to limit the

pressure available at the gas turkine inlet.
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5.10 " COST ESTIMATES

5.10.1 Introduction

Costing Bases. The hybrid plant cost estimates are kased on the

conceptual design and engineering information prepared for the
study. This includes subsystem descriptions, flowsheets,
equipment lists, plot plans, single-line diaqrams, and tdwer
drawings. PRulk material quantities were deﬁeloped from subsystem
descriptions and in-house historical data for similar facilities,

or from quantity take-offs where details were availakle.

Second quarter 1979 pricing levels were used for all equibment,
subcontracts, and bulk materials. No allowance was made for

future escalation.

Cost of major mechanical equirment, significant subcontracts, and
major bulk items were based on written or telephone quotes
suprlied tor estimating purposes ky vendors. Pricing for all

other items was based on in-house historical data.

The labor cost estimates aré kased on productivity and wages for
unionized, direct-hire construction forces. Labor rates were
developed from craft agreement information published Lty the
Associated General Contractors of California, Inc. -The overall

. labor rate is built up from a direct rate of $13.00 and an

indirect rate of $8.00 for craft kenefits, payroll burdens, and
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subsistence. Manhour rates for installation work were developed

from Bechtel experience in Southern California.

Indirect field costs were develored from Bechtel experience on
previous jobs in the U.S. west coast and modified to reflect the

specific characteristics of this rroject.

An allowance has been made based on in-house historical and study
information for comkined cycle power plants and other projects of
a similar nature.

An average contingency of 12 percent and a fee of 3 percent are

included in the capital cost totals.

Qualifications. For estimating grurgoses it was assumed that:

. Permanent plant equipment and materials will ke
available at present-day lead times, and manual and
nonmanual personnel will ke available in numbters and
skills as required for enginecering and construction.

) The turbines will be delivered to the joksite with all
internal piping and electrical systems preassemkled at
the factorv,

. Existing water sources and power will be adequate for
the reguirments of this installation.

Exclusions. The following cost items were not included in the

‘estimates:

) Equipment spares and mokil equipment

. Sales tax
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5.10.2

Owner's costs, such as costs of financing or interest
during ccnstruction, owner's licensing and engineering,
rovalties, and the like

Assistance to the owner in oktaining EPA clearances,
permits, and authorizations from the Department of
Enerqy or any other government agencies

Costs of this and previous studies

Initial charges and stocks of operating supplies

Ecological and environmental considerations other than
those incorporated in the present conceptual design

Training plant operating personnel

Escalation

Costing Geographical Poundaries

Figure 5-49, depicts each of the suksystem geographic boundaries

as they are included in the construction cost estimate, excluding

the 5100 account. Because of the difficulty involved in

"schematically illustrating all of the interfaces Letween

subsystems, the following discussion is intended to clarify

gspecifically what items are included in each account.

5100 Land and Gencral Sitc DPreraration. Thies is composed of all

general plant equipment and facilities not specifically related

to or included in other subsystems:

Land purchase
Clearing and rough grading
Fencing

Landscaping and finish grading
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. Roads

) Fire water and foam system

. Water wells, pumps and gireline
. Sewage treatment plant

° Yard lighting, grounding, and instrumentation

5200 Administrative Areas. This is comcrosed of the plant

administration building (including all building fixtures and
electric), service/warehouse kuilding (including all tuilding
fixtures, electrics, and service/warehouse equipment), and all

miscellaneous structures not related to other suksystems:

. Guard shacks
o Lunch rooms
] Gate house

. Change house.

5300 Collector Suksystem. This is comgposed of:

o Heliostats

o Foundations

J Power/control equipment and wiring
. Liqhtninq'protection and grounding

. Alignment system

5400 Receiver Subsystem. This is ccmposed of:

. Receiver
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e Tower with elevator
J Riser and downcomer
U Valves and instrumentation

) Miscellaneous lighting and‘qroundinq. '

5500 Master Control Subsystem. This is composed of the control
room building (including all kuilding fixtures and electrics),
and all control equipment/panels necessary for the operation of

the solar central receiver hytrid power systems:

. Microprocessor - base system

° Data logger
° CRT auto plant startup

. Plant control panels and miscellaneous controls

5600 Nonsolar Subsystem. This is composed of all the facilities

necessary for receiving, storing, and transferring fuel oil:

] Fuel o0il tanks, foundations, and dikes
o Unloading and tranéfer rumpes

° Fuel o0il piping and instrumentation

o Power/control equipment and wiring

L] Miscellaneous lighting and grounding

5800 Electric Power Generating Suksystem. This is composed of

all equipment and bulk materials necessary for converting the
thermal output of the receiver and the chemical enerqgy in the

fossil fuels to electric power, and all equipment and kulk
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material required to distribute rower throughout the glant

(excluding the collector subsystem) and to inteqrate the EPGS

into a tvypical electric power system network:

5.10.3

Civil/structural and huildihqs

Gas and steam turbine generators
Heat recpnvert steam generator
Condenser and .cooling tower

Tanka (excludinq'mdin fpel Qil)
k’iimpsl | ‘
Auxiliary boiler

Cranes and other miscellaneous equipment
Piping and instrumentation
Power/control equipment and wiring'
Switchyard and main ‘transformers

Miscellaneous lighting and grounding

Capital Custy ‘

A summary of system and subsystem construction costs in manhours

and second quarter 1979 dollars is given in Table 5-17. The

detailed construction cost estimate is given Table 5-18.

5.10.4

’

Operatinq and Maintenance Costs (O&M)

The annual operatinag and maintenance cost for the solar hybrid.

power plant is 2.4 million dollars, which represents 1.58 percent
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TABLE 5-17

CONSTRUCTION COST SUMMARY . N

(thousands)
2nd Quarter 1979 Dollars
Cost Item . .
Man- Labor ~ Sub- Material Total .
hours contract .
5100: Land and general ‘ .
site preparation - 120 813 . 2,798 627 4,238
5200: Administrative areas 61 485 | 1,380 863 2,728
5300: Collector subsystem 190 - 30,370 . - | 30,370
5400: Receiver subsystem 188 2,209 1,157 24,208 27,574
5500: Master control : ’
subsystem - 34 225 873 2,171 3,269
5600: Nonsolar energy ‘ ‘ ' ’
subsystem 13 122 © 300 ) 99 521
5800: Electric power .
generator subsystem 322 4,183 - 29,099 33,282
Total direct field :
costs 928 | 8,037 36,878 57,067 101,982
Indirect field cost 13,140
Total field costs 115,122
Engineering and other home
office services 5,756
Total field and
office costs 120,878
Contingency 14,647
Fee 4,065
Total construction cost . 139,590
Cost per kWe (112,600 kWe net) 1,240
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. TABLE 5-18

CONSTRUCTION COST ESTIMATE

CLIENT M:/f)A\UD/A DESCRIPTION _LAELCO VAT
. 5[6‘() %MD A
rocation _ 3AR STOW, &4 GENETIAL  Z21& CONT.NO.
Fle EEARATION mape By LSS
PROJECT XA v BRI APPROVED
AIC , MAN ESTIMATED COST /N 4 1 OOOS
NO. 'TEM & DESCRIPTION HOURS LABOR SUBCONTRACTS] MATERIALS TOTALS
[ S5I00]  SUMMARN CMi) (S/c)
A | Excavation & Cvil /- apy SY3E0 154HED 708 L5432 S4E 259d
] Concrete
C Structural Stee)
D Bui'dings
E Ma:hmery\ .
F [Pong > =/c mpy 22O 2500 33 255 /55 SHZ
G Elevirical 2200 249 — 5Q‘ 72
__H Instrumrnye 22200 Ao - i % /7
J FarAting § ) 1
K insulation
DIRECT FIELD COSTS 52490 B/2 | 2798 B2 7 4225
=l MH 57560
L Temnporary Consi-uctor Facilities _ s / ‘7:
M Construct»on Surviees, Suppiies & E xpinse ] PPy
N Field Stalf, Subsistence & E xpense 187
P Craft Benefits, Payrolt Burdens & Insurances 5 2l
Q Equipment Rental WEE
INDIRECT FIELD COSTS _ ] /3239
—
TOTAL FIELD COSTS =7
R Engineering @ S €/, 7 o,
Design & Engineering
Home Office Costs
R&D
YOTAL OFFICE COSTS 27
TOTAL FIELD & OF FICE COSTS =
V | Comingeney (o A/ C o o - S82
W _[Fee (@ = o/ i (93
_TOTAL CONSTRUCTION COST 5620

oate 2222-77  mevision wo. REVISIONDATE ______ PAGENO. LT~ [
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TABLE 5-18 (Continued)

CONSTRUCTION COST ESTIMATE

CLIENT DOE/ SAODA DESCRIPTION 2l ) )
T LD SAAINS ] €T [E S~
" ocation AR ZTONW , A L ITINE ARREAS coNT.NO. -
L - maDt By _ /A
PROJECT LA el _APPROVED
A/C MAN . . ESTIMATED COST IN D (OCDs
NO. ITEM & DESCRIPTION - | nours LABOR SUBCONTRACTS] MATERIALS TOTALS
S2200] < MM AR nK) (s5/¢)
A Excavetion & Civil '
8 Concrete
C Structurat Steel
D Buridings
€ | Machinery ADMIN RBLD& | 2000 L0 e | 254 /50
F__| Piping SERYANARE _ 1/3 200 /732 212 573 152
G | Elecrical MISC RLDE | soap 52 - BZ:2 25 /728
H Instruments ‘
J Painting 1
K insulation
DIRECT.FIELD COSTS 27200 485 /280 88632 272
Sle AMH 2T 400
L Temporary Consteuction Facilinies ) //é
M Constructior Services, Supplies & E xpense ’ / /5
N Field Staf!, Subsistence & Expense 3 /12
P Craft Benetits, Payrofl Burdens & Insurances =7
Q Equipment Rental ] /16
INDIRECT FIELD COSTS Z2R
TOTAL FIELD COSTS 22
[ Engineering (R & S /25
Design & Engineering
Home.Office Costs
R&D
TOTAL OF FICE COSTS ) /76
TOTAL FIELD & OF FICE COSTS ’ ' 2u97
\ Contingency (X ~L /O o 37
. W |fee A.Z e/ , [22
TOTAL CONSTRUCTION COST 4/Q0

oate Z-Z5-277  REVISION NO.

REVISIONDATE - PAGE NO. .Z_ELL__
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TABLE 5-18 (Continued)

CONSTRUCTION COST ESTIMATE

coent _DOE /LS ANISIA

ocation BARIT Ow/, CA4

DESCRIPTION _ ACCXNXIT

ETOD CollElTor
SOEZN=TEM

CONT.NO.
MADE BY = =
PROJECT SOLAZ AHYRZT'D SUMMARY APPROVED
A/C ] MAN > ESTIMATED COST N/ /OO
NO. ITEM & DESCRIPTION HOURS LABOR SUBCONTRACTS[ MATERIALS TOTALS
SYO| S OMMARY . (Mi) ¢s/c)
A Excavation & Civit N
B Concrete
C Structural Steel
D Burdings
E Machinery 8 Equipme-.t - - 20270 - 0 370
F Piping
G Eleciricat
H Instramenty
— J Pante g j H
K Insulation
L d
DIRECT PIELD CUSTS — - 227 -— 230370
=l trl  [LFE 000
L Temporary Const-uctor Facitinies
_ M Constructinr Sorvccs, Supphivs & € rpd s
N Field Staft, Subsistence & Expense y.Via¥i G ol PovE —_
P Crat: Benefits, Payioll Burdens & Insurances|
Q Equipment Rental
INDIRECT FIELD COSTS
TOTAL FIELD COSTS 30370 |
R Engineering (2 = O/~ /519
Design & Engineering
Home Otfice Costs N
R& U
TOTAL OFFICE COSTS 15/9
TOTAL FIELD & OF FICE COSTS 2/ 8549
o4 -
v Contingency @ o g O 3 /8R9
W_TFee &1 T O . L[O52
TOTAL CONSTRUCTION COST 36/30

oare 223/~ 77

REVISION NO,

= /
REVISION DATE paceno. L 25 [

M ANOTE | THIS 715 A CLIENT PROVIDED COLT, REF <A ANDIL LETTE

DATED &S-27-79

!
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TABLE 5-13 (Continued)

CONSTRUCTION COST ESTIMATE

cuent Q& S0 SIA DESCRIPTION ACTLOLAIT
: SO TN T L
JCATION [l ST, CA XIBLSTEM CONT/NO.
: o _ ' mace oy Al
PROJECT L X HYIZT D SCAIILALREY © APPROVED
A/C . . MAN . ESTIMATED COST /AJ ¥ -ooe -
NO. ITEM & DESCRIPTION. HOURS LABOR. SUBCONTRACTS| MATERIALS TOTALS
| SUMKARY (@) [&F[9)]
A Excavetion & Ciwil T %0 //5 T— — 7=
B Concrete 22430 AH2RE _— M) - Se=
[3 St uctural Steet </ gl /2920 35 74C 475 205 [HOE =/ EE
D Burdings -— . L — — L - —_
3 Machinery 8 Equinme .t /0 Af 2400 VOO K20 ! 275 205 20795
F_]Pong Sk pH 248 145840 897 L2 227/ 2252
G Electricy! . /750 25 - 20 45
H Inst-uments 11850 =) - 25 50 h
J Paintiriy /820 2‘}‘ ) - 23 Lfl
3 Insulation S/ A RECC - AES hous SALS
DIRECT FIELD COSTS /B9 2209 [157 Y208 27574
oL A @240 i
L Temporary Const-uction Facilities ) . ) 522
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of the total capital cost. This estimate is based on the

following:

° The plant oberates an average of 4200 hours rer year
(48 percent load factor). :

. Collector subsvstem C&M éosts are based on Northrup's
analysis of data released ky Sandia Laboratories during
a workshop held July 25 and 26, 1979. :

. The estimates for the receiver are based on foster
wheeler's evaluation of receiver operating and
maintenance requirements.

. The EPGS and nonsolar enerqgy suksystem O&M costs are
based on an analysis of historical information for
combined cycle power plants, published by the DOE (Ref.
5-17). <

° O&M costs for all other suksystems have been estimated
' as a percentage of the total construction costs.

. Costs reflect second quarter 1979 pricing levels, and no
allowance has been made for future escalation.

5.10.5 Project schedule -
The conceptual schedule for the solar hybrid plant, shown in

Figure 5-50, was based on the following:

. Drawing3, flowcharts, and equigment lisls prepared for
the study

¢ Equipment lead times for turbines and other mechanical
equipment as provided Ly pruspective equipment
manufacturera and Dechtel's procurement deparlnent,

including:

- Steam turbine: 20 months
- Gas turbine: 15 months
— Condenser: ' 14 months

- HRSG: 14 months

e Licensing, permits, and other lead times from in-house
historical data
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. Construction workweek of 40 hours with an allowance for
casual overtime

o Construction activities generally following the pattern
of conventional combined cycle plants

The schedules assume availability 6f materials and permanent
plant equipment at bresent—day lead times, and availakility of
manual and nonmanual personnel in numbers.énd skills as reqﬂiréd
for enqiﬁeerinq and construction. Ié was further assumed ﬁhat.
the turbines will ke deélivered to the Séﬁsite with all iﬂterﬁal

piping and electrical systems preassembled at the factory.

-As evident from the schedule, the total éonstruction time,
Aincluding demobilization, is 39 months. Initial operation of the
gas turbine with partial output can starf after 33 months, and

full power operation can start after 38 months.
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Secticn 6

ASSESSMENT OF COMMERCIAL-SCALE SCLAR CENTRAL
RECEIVER HYEFRID FCWER SYSTEM

After the hybrid power svstem'tdhcebtual design was completed,
the resulting system was evaluated to identify potential future
imbrovements ahd technological oi economic conStraints Fhat would
. ) . ] EEEPREPRRE R ¥ R S .
hinder or prevent its widespread use in utility applipations.
The earlier market penetration‘analvsis was also updated in light
of the ﬁew cost and perférmance.data; This section describes the
areas examined and summarizes the éaiieﬁt findings feSultinq from
the assessment. The present study was kased on a ggpexic site
(Barstow, CA) and qenéric utility data; so conclusions 6n items
related to a specific‘site or basea on individual utility choices
can only be considered as general okservations that should te

reevaluated in light of specific conditions prevailing at a

prorosed installation.
f1 POTENTIAL IMPROVEMENTS

6.1.1 Performance

Collector Subsystem. The most significant and prokakly most

attainable improvement in the current heliostat design is an
increase in-qlass transmissivity and mirror reflectivity. The
current baseline design aﬁd its performance are based on using a
2.4 mm (0.094 in.) low—irén'qlass mirror with a reflectivity
conservatively estimated to be 0,87. Current projections of
improvements to the mifrorinq process, the availakility of a
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thin, low-iron flqat glass, and an understapding of reflectivity
chapdeé_éue to‘sélér aqging shopld lead to mirrors having a
refleétivify near 0.92. This 5.4 pe;cen;_improvement in
fef%éctiviiv will vield a soméwﬂét'qréater perceptaqe reddction
in £ota1 collgctor field cost, Fecause the poorer performing,

long-slant-range heliostats are eliminated when fewer heliostats

are required. : . S

A facet overlap concept is being examined to increase the mirror
area on a given heliostat. Most current heliostat designs
exhibit a mirror "face" that Fontains clearance spaces ketween
facets, providinq clearance zones for gears '‘and drive mechanisms,
etc.i éincé wind loads are based on the envelppe area, a gain in
mirror area ¢aﬁ be achieved by overlapping the facets without
imﬁacfinq'desiqniloads and drive hardware.._For example, the.
Northrup II ﬁeliostat, currently in the preliminary design stage,
has é 53.80 m2 (579;13 ft2) envelope area and a 50.54 m2
(Suu<ft2)'mirror area. tff‘a11 of the_a;ea could be mirrored, the
ieflectiQe aréa per.heliostat could be increased by akout

6.5 pércent and théinﬁmber of heliostats 'reduced accordingly. As
with improved‘mirror'reflectivity, the cost saving would exceed

6.5 percent with preferential elimination of poorer-performing

heliostats.

A mirror module design concept is also under study in which the
shape of the mirror facet remains in the concave-to-flat reqime
for all temperature conditions and never becomes convex (i.e.,

beam divergent). Many current designs are based on konded
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composites of dissimilar materials. Differential thermal
expansion of these materials causes the mirror to bend into a
concave or convex shape at environmental temperatures above or
below the assemb1§ temperature. The improved concept would
exhibit little change with environmental temperature, and never
in a manner that would cause a convex shape. The end result
would be better beam quality and lescs =nergy spilled at the

target.

Performance and packing density could be improved by eliminating
all heliostats in the "take ur" rows between zones of the
radially staggered collector layout. RBecause of the vernier
effect, which varies the positioning from "fully kehind" to
"fully in the gaps," most heliostats in this row have degraded
performance compared with those in the kasic zones. BRadly
degraded heliostats were already eliminated in the "H" field
layout. If the remainder of take-up-row heliostats were
eliminated, the "H" field performance would be enhanced ky akout
1.5 percent. An example of this practice is evident in the

layout of the 8800 heliostat "I" field shown in Figure 6-1.

Receiver Subsystem. The perfcrmance of the receiver can be

improved by a more complete optimization of the aperture size and
confiqguration. During conceptual design, only the north cavity
receiver aperture was optimized for conditions of equinox noong;
and to simplify cavity construction, only vertical apertures of

square or octagonal shapes were considered. Full aperture



7759 m
25457 ft

8300 Heliostats, 50.54 m2
210 m (689 ft.) Tower Height

(3299.5 ft)

Figure 6-1 “I” FIELD RADIAL STAGGER LAYOUT



-

optlmlzatlon should be performed in future studies by con51der1nq

the fOIIOW1nq-

"¢ Annual optimization of north, east, and west
cavity apertures to maximize the year-round net
receiver power

° Evaluation of circular aperture with a
potential to collect more energy with lower

heat losses than square or octaqonal apertures
of equal area

PR .

° Con51derat10n of nonvert1ca1 apertures, which
may reduce spillage losses .

Conservative assumptions were used to estimate receiver heat
losses in the absence of reliable correlations. Accurate
determination of convection losses of a cavity-type receiver
requires a substantial amount of embirical ?ata on heat and mass
transfer. However,.at this time, little data are availakle at
the high Grashof and-ﬁe?nolds numbersiat which the receiver will
operate. The cagpability to estimete convection heat losses may
improve in the future_ae afresulr ofieryegenic wind tunnel
experiments being perfermed:by'the Uniyereity of . Illinois and
other experimental and‘theoretiéal‘Work~Being performed or

planned by Sandia Laborétories, Livermore.

Reradiation is by far the4larqest compouent of the receiver heat
losses. Accurate estimate of rhese losses requires reliable
prediction of hear—fluxApatterns within the.cavity;'radiation
interchange factors (view factors) between the cavity interior

surfaces and the aperture, and the direct and reflected energy



incident on each interior surface. A computer program will ke

required for the complex calculations in such analyses.

Electric Power Generation Subsystem. In the preconceptual design

phase, characteristics of the EPGS were studied parametrically to
quantify their impact on system costs and performance. The
single characteristic found to have the most significant imgact

on plant performance is gas turkine inlet temperature.

Within limits, higher gas turkine inlet temperatures can imp;ove
the enerqy conversion efficiency and increase the solar fraction.
Turbine inlet temperatures selected for the conceptual des%gn
reflect the present state df the art for industrial gas turkines.
Improvement in cycle performance associated with the increased
inlet temperature will require the use 6fvmore advanced gas
turbine and combustor designs. A measure of potential
performance improvements achievakle with these modifications can
be gained by comparing the 47.7 peércent enerdgy conversion
efficiency of the 1316C (2400F) Advanced Strawman and the 43.5
percent efficient 1093C (2000F) Strawman cycles of the

preconceptual design.

G.1.2 Foaoil Fuel Dioplaccement DPotential

A major objective of introducing the solar thermal power
technoloqgy is to displace scarce and depletakle energy sources
such as natural gas and petroleum derivatives. The hybrid system

as described in Section 5 has a design point solar fraction of
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.536 and an average solar fracticn of .282. This means that, at
the reference caracity factor of 48 gercent, the annual fossil
fuel requirement of the plant is 28 percent lower than for a

conventional combined cycle plant.

There are several poténtial arprcaches that could increase this

‘fuel displacement potential with some modification to the power
system. The following means to increase solar fraction, and
thereby the fuel displacement potential, were examined at the

‘conceptual level:
. Enerqy storage’
e Solar multiple and field/receiver power ratio

. ‘Solar/nonsolar interface

Enerqy Storage. As discusséd 'in Section 3, energy storage is not

required for the operation of the hytrid combined cycle power
system. - In a 1990 time frame and for generic¢ conditions, such a
system was found to be economical only with averaqé fuel
escalation rates of 13 percent or higher. In view of its
potential for increasing the solar fraction, however, energy
storage should be considered as a rotential future improvement.
For this reason the earlier economic analyses were expanded to
relate the value analyses to a specific energy storage concepp

~and to the cost and perfofmance of the conceptual design.

' The subsystem design for the analyses was developed on the basis

of a sensible-heat enerqv storaqge concept, similar to the Boeing
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concept described in Ref. 6-1. A schematic of the suksystem is
shown in Fiqure 6-2. By appropriate méhipulatidn of valves A
through G, indicated in the"diaqram,‘the subsystem can>he
operated through a daily operating cycle which includes charging,'
holding, and discharging. Utilization of enerqy storage in a |
aailv operating cvcle is shown in Figure 6—3} As seen from this
fiqure, a higher solar fréction'results from the stqred solar
~enerqgy and from increased solar contribution in the early morning
and late afternoon hours. Subsystem point desiqns for

1, 2, and 3 hours of daily storage capacity were devéloped.
Characteristics of these desiqgns are shown in Table 6-1. To
permit more accurate scaling of the collector subsystem costs, a
collector field consisting of 8800 heliostats’wés also laid out.
This field, with a 210 m (689 ft) tower,‘can provide 3 hours of
enerqgy storaqge at 60 percent turnaround éfficiencv. (The field

layout is shown in Fiqure 6-1.)

An undesirakle characteristic of the sensible-heat enerqgy storége
concept, when used in an open Bravton cycle system, is that the
air temperature leavinq the storage tank declines continuously
during the discharge cvcle, and proqfessively more fossil fuel
must be used to boost the air temperature to meet the load
demand. The energy-displacing Lkenefit of the stored so¢olar heat
is highest at the beginning of the discharqge cycle and approaches
zero at the end. For this reason, the real value of energy
storage must be determined in light of utility-specific
conditions, particularly the dail? load curve. A study of the

cost effects of energy storage concludes that a sensikle-heat
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Figure 6-3 INCREASED SOLAR ENERGY CONTRIBUTIONS DUE TO ENERGY STORAGE

6-10



 TABLE 6-1

CONCEPTUAL DESIGN ENERGY STORAGE SUBSYSTEM SIZING DATA

‘B ‘ ' Hours of Storage
Data Item ase
System -1 : 2 3

Field multiple ' 1.0 1.315 1.53 1.73
Receiver air flow, kg/s ‘ 257.6 338.74 394.13 445,6
' © 1Ib/s | s68.0° 746.9 | 869.1 | 982.7
Riser pipe ID, m ‘ 1.52. | . 1.75 1.88 2.00
in. 60 69 74 79
Downcomer pipe ID, m A 1.44 1.66 1.79 1.90
in. 57 65 | - 7 75
Storage system air flow, kg/s _— 81.}4 136.53 188.0
1b/s - 179 . 301 415
No. of storage tanks ' } - 2 3 4

Storage tank dimensions '
Diameter, m . - | 6.23 6.23 '6.23
in. : , ' - 245.3 245.3 245.3
Length, m o .= 30.79 37.38 40.88
‘ ft . — - 101.0 122.6 . 134.1
Weight of alumina, métric tons - . 3175 3855 4215

e i -
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enerqy storaqe subsystem coupled to the conceptual de81gn would

not break even unless fuel escalatlon was between 15 and 16

. +

percent. The cost studles were based on a 70 percent turnaround
efficiency and detalled‘cost estimates of the storage subsystems

sized according to the data of Takle 6-1.

The indicated fuel escalation rate for enerqgy storage breakeven
is significantly higher than the values resulting from the

earlier analvses., for the following reasons;:

. The new ana1v81s is based on a spec1f1c design

' and cost estimates, whereas the former study
only idéntified the escalation rate at which
the first dollar could ke economlcally spent
for a storage system.

. Performance and cost of the conceptual ‘design
are somewhat worse than those assumed earlier.

Solar Multiple and-Fielg/Receiver‘Power Ratio. Small increases

in the solar multlple, correspondlnq to field/receiver power

ratlos qreater than one, may he a cost effectlve ~way to increase
average annual solar fraction and 1mprove the plant performance.
In contrast to’ enerqy storaqe, the mod1f1cat10n affects only the

_collector subsystem. ..

Using the conceptual desiqn as a base, optimal field/receiver
power ratios, in terms;oﬁ minimum bushar costs, were determined
for a range of distillate oil escalation rates. In these
analyses, the field/receiver‘poﬁer'ratio was;increased by
enlarqging the collector field while retaining the conceptual
desiqgn receiver size. Heliostats are defocused during periods of
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peak insplation to keep the reqeive; outlét temperature be}ow
843C (1550F$. Po§entia1 benefits, ip terms of increased average
sqlar fraction, are_schematicg}ly illuétrated in Fiqure 6-4. As
Shown in Fiqure 6-5, a significant percgntage of the energy
collected by the excess beliosyatsucan_be effectively utilized
even at field/receiver power fatios of 1.14. Since the system is
desiqned for.peak insqlgtion lgvelsl(gso w/ma2) , smalllincreases
in field/réce%ver power ratio result in nearly proportional

increases in average annual solar fraction.

The economicAvqlue of increaséd.fieid/€eceiver power ratios was
investiqated‘ﬁsinq»a.modified STCR$IM éomputer simulatién
program. The results of thesetanQIVSes, shown in Figure 6-6,
indicate that field/receiver power.ratios greater than one are
economical with fue1>e3ca1ation rafeé as low as 12 percent. With
fuel escalation rates of 15 percent, the minimum buskar cost
occurs at a field/reéeiveripower ratio of about 1.2. It can ke
concluded that,: dependinq on thé rate of fuél escalation,
field/receiver power ratios of qreatér‘than one can ke a cost
effective means to improve solaf fraction and, with it, the fuel

displacement potential.

Solar/Nonsolar Interface. In the combined cycle hybrid power

system, with the receiver and combustor in series, the solar
fraction is proportional to the ratio of the receiver temperature
rise to the total temperature rise Letween the compressor outlet
and turbine inlet. Therefore, ‘the power cycle could ke changed

in the following ways to increase ‘the solar fraction;
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REDUCTION IM LEVELIZED BUSBAR ELECTRICITY COST (MILLS/kWh)
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e Decrease receiver inlet temgerature
. Increase receiver outlet temperature

° Decrease turbine inlet temrerature

Other design changes also affect the solar. fraction, such as
steam turbine reheat, which affects the cycle efficiency without

affecting these key temperatures.

As dlscussed in Sectlon 3.6. 3 ihtercooling'could“reduce the
receiver inlet temperature and improve the efflclency of the
compression prooess. However, since the thermal enerqgy extracted
by ccoling woold be at a low temperature and would have to'he
wasted, net improvement in fuel displacement would only ke

marginal.

Aftercoolinq.can reduce the receiver inlet temperature and
increase the solar fractlon. Houever, since. the energy extracted
from the compressor dlscharqe would have to be used to heat the
1ntermed1ate-pressure portlon of the steam bottomlnq cycle, the
additional solar enerqgy would have to be valued at the efficiency
of the intermediate-pressure portion of the steam cvclea This
reduces overall cvcle efficiency. For example, if the receiver
inlet temperature were to‘be reduced from 364 to 149C (687 to
300F), the net cycle efficiency would be 40.5 percent (an 8
percent decrease), while the design point solar fraction would
become .626 (a 17 percent increase). For an estimated 3 percent
fuel savings, the change in total capital cost per kilowatt for

this option would he about $390 (a 31 percent increase). Thus
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aftercooling is not likely':to ke an economic way to increase
solar fraction. o

.

Anofher Qav to decrease the récéiver inlet éemperaturé is to
lower the compressor§pressure ratio. For the range evaluated,
the economic opfimum with a 12 percent fuel escalation rate was
found to be approximatelv'lzfﬂ. For a 15 percent escalation
rate, the lowest total cost is at. a pressure ratio of 8:1. At
tﬁis'ratio, the receiver inlet téﬁperature.ﬁéuld be lowered from
36& to 306C‘(687 to‘574F), the soiar fraction would increase to
«562 (a 5 pércent increase), and the overall cyele efficiencv
would decrease sliqhtiv. AsS tréssuré'iatibs are decreased kelow
8:1, higher solar fractions and reduced cycle efficiencies

result. However, the riser and downcomer pipe sizes would soon

reach the limits of practicality.

The second method'of ihcreasinq the'solar fraction, namely,
raising the receiver outlet temperatures, is nol praclical with
metallic reéeivers. 'Howevér;{if a ceramic recéiver with a 1093C
(ZGOOF) outlet temperature were to ke used in conjunction with
thelconceptual design power cycle, a significant increase in '
solar fraction would result. Matching the receiver outlet’
temperature with the turbipe inlet temperature would‘result in a
design point solar‘fractiop‘of 1.0, while the annual average
solar fraction would be about .52, representing a major
iﬁprovement in fuel displacement potential. The average enerqy
conversion efficienc? would be higher than that of the conceptual

. . . . ‘ .
design. The added heliostats and larger capacity receiver would
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account for'most.of the approximately 53,percent inqrease in the
plant capital cost. Based on paramefric cost data, the installed
cost would be about $1920/kWe. The added capital cost would
equal the cost of the fuel saved at escalation rates of 13 to 14
percent. The breakeven escalation ;aﬁe would be even lower if
fuel costs were to ke escalated‘from‘mid—1979 prices rather than

from those of the economic quidelines.

To reach this desirable fuel dispLacemeﬁt capabiiity, a‘reliable
ceramic ;eceiver must be developed. ‘In addition, the éas turkine
design would have to be upqraded to accept a 1093CI(2000F) inlet
Lair temperature‘or, alternately. the receiver and combustor»would
have to be operated in pafallel in place of the series'operation

in the conceptual desiqgn.

Another way to reduce the air temperature difference ketween the
receiver outlet and the turbine inlet is to lower the turbine
inlet temperature to 843C (1550F),Awhich is achievable with a
heat pipe receiver. Adequate evéluation of this option would
require a:reoptimizatiqn of the eﬁtire svstem; which is keyond
the scope of this stﬁdv. But the following is indicative of the

trend of cost.and verformance effects.

Assuming that the gas turbine inlet temperature was lowered to
871C (1600F), the desiqn pqint solar fraction would-increaée to
approximately 0.92, and the overall net cycle efficiéncy would
.-drop to about 37 percent (a 16 percent decrease). This is a 7.5

- percent lower cycle efficiency than would be achievakle with a
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standqrd_lS.SS MPas538C/538C (2400 rsiq/1000F/1000F) steam cycle.
- The installed cost of such a steam plént is likely to te much
lower than that of the combined cycle plant. Therefore, a
combined cycle system with significantly lower turkine inlet
temperature would probably not ke competitive with an equivalent

hybrid plant rased on. the Rankine cycle.

6.1.3 Cost Reduction

Cost optimizations during the parametric and system-level studies
and in the subsequent conceptual design resulted in.significant
capital and operating cost imp;ovements for the. hybrid power
system. Items of potential cost savings were also identified. for

future, more detailed analyses.. These items are discussed lkelow.

Collector Subsystem. The cost of heliostats. represents more than

80 percent of the subsystem costs. A major reduction in the cost
of heliostats~can be. expected as the manufacturing volume
approaches mass rroduction levels. However, there is a-
significant divergence of opinion as to the prokakle cost
benefits of mass production. In Northrup studies, where the
heliostat costs were built up from estimates of individual
components such as gears and motors, the collector field costs
for an annual production rate of 125,000 units were estimated to
be $73.80 per m2 of reflective area. This is in good agreement
with the 80th plant unit cost of $72 per m2 projected ky Sandia
Laboratories, Livermore. Using the Northrup unit cost figures

with 87 percent reflectivity, the piant cost would drop to
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$1087/kWe compared with the conceptual design value of $1256/kWe.

Cost benefits derived from collecter improvements would represent

B

additional savings. -

Receiver Subsfsteﬁ. The.heap‘pipé-and ranel material, Inconel
617, is an exbehsiye_alldv.~ There are su:charges.of up to -
$6.6/kq ($3.0/1k) bginq curren;lv appiied because of the present
shortage ofvcobalg ahd molvbdenqm, which accounﬁ for 17.5 and 9.0
pefcent of the weight, respectively. The receiver cost could te
siqnific%ntlv reduced bv usipq Inconei 617 only in the high-
temperature portions df‘the ﬁanels and a leés expensive material
in the loyer-temperaturé portions. If the surcharges persist or
are even fprthef increaééd; thé Se;ecpion of,the receiver outlet
température shoﬁld be reévaiuated, Reduciﬁg the receiver outlet
temperature by about 29C (50F), would allow the replacement of
Inconei 617 with less expensive‘materiais; such as Inconel 610 or
Incoloy 800H. . An additional incentive- to replace Inconel 617 as
much as pésSible, is that about 98 percent of coktalt and

55 percent of molybdenum consumed in the U.S. are imported.

The semicircular'shape of the receiver caﬁiﬁv‘reér wail was
originally conceived to accommodate,the removable panel concept
and the reinforcement required bgtween paneié.' Siﬁce in the
conceptual design receiver the banéls are welded together, there
is no longer heéd'for the side wall reinforcements. Therefore,
it might be cést effective to subétitute a less expensive flat

rear wall for the presently used curved confiqurations. As with

[N
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the collector subsystem, cost benefit accrued from potential

performance improvements.would add to the above cost savings.

EPGS. The HRSG and turbine costs were furnished by the
manufacturérs as budgetary estimates. Competitive bid prices for
actual orders may vary from these costs. However, the magnitude
and dirgction:9§_th;sqyariatign will depend on the competitive
envi:onmegtnat pheﬁgimerf sucb‘orders.‘LIncprporation of
catalyltic combustors is not expected to cause major cost

variations. | RO Ly

. . Ve
- g b 4o

6.1,u:A;Economies‘q§ $c§1e;

Experience with conventional.rpower plants indicates that
increasing tﬁe capacity ratings of a unit within practical limits
.improves performance:and yields a lower capital cost per unit of
installed gapacitv:($)kWe).,.$he solar hybrid power system ﬁas
reviewed. to determine if. this observation is valid for that

system as well.  The assessment, conducted by suksystem, is

summarized in this section..

Collector. Subsystem. - The average geometric efficiency of the

collector. field declines as heliostats are added to increase the
amount of solar energy collected. Atmospheric attenuation is a
function of the slant range, so the attenuation efficiency

- declines as the slant range increases with larger fields. The
average packing density also becomes lower as the numker of

heliostats increases, because of the larger spacing required for
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the peripheral heliosfats.' The ihpact of these factors is that
the reflective area per unit. of enerqgy: collected increases and
the field packing density decreases as the plant rating
increases. As a consequence, the: collector f1e1d scallng

exponent is expected to ranqe from 1 05 to- 1 1.

Receiver Subsystem. Assuming that the tbree;cavity receiver
confiquration isifetained, the‘reagswallilpanel face), area must
be increased inLdirect‘propoftion'QOgthe_adgitional solar energy
collected, and the focaljplane7t0erear;wall distance;mﬁst be
adjusted to maintain the ;same peak flow. for eachiheat.plpe. Thus
the overall cavity dime;sions-will be‘IEroef.: Aelé current Lest
estimate, the receiver welqht and cost are dlrectlv proportional
to the increase in collected enerqv. . '

The receiver tower height variee:iy-direct proportion to changes
in the collector,fleld radiﬁs_(aeSumipq idenﬁical'rim angles).
Due to the increased receiver and piping weight, the entire tower
must also be made stronger.:G The receiver air,flow is directly
proportional to the’5vstem powei rétiﬁg."The pipe length also
changes with the tower height. ‘Ihe(fiser éno downcomer flow
cross section, éherefore, musé helincreaeed to'mainceih an
acceptable pressure drop. Coneide;ingethe reletive coets of the
receive;, tower,‘and piping, the ecelinc exponeotlof the‘recei?er

subsystem ranges from 0.7 to 0.9.



EPGS. According to common estimating practice, the scaling
exponent for turbine generators and HRSG ranges from of 0.7 to

0.8.

Balance of Plant. The cost of the master control subsystem and

plant support represents a small fraction of the plant cost and
in the scalinqg analyses it was assumed to vary linearly with the

power rating.

Ooverall Power System., Curves rerresenting the variation of
installed cost Qith plant capacity are shown in Figure 6-7. It
is evident from the figuré that the economies of scale favor
large solar hybrid plants. But the raﬁe of capital cost
improvement with increased size decreases markedly with large
multiples of the conceptual design power rating. It is also
expected that planﬁ performance will improve with increased power
rating, sinée efficiencies of turkine qenerators and HRSG improve
with larger sizes. There is also a step improvement in power
cvcle efficiency as the steam bottoming cycle output reaches

75 MWe (total plant capacity of 230 MWe) where reheat turﬁines

become . available.

sincé the.maxiﬁum rating of industrial gas turbines is about

100 MWe, two or more units would ke required in larger plants.
Depending on the specific plant’requirements, each turktine could
have a dedicated HRSG or se?eral turkines could be connected to a
single HRSG. Because a wide range of steam turbine sizeé are

available, a single turbine per rplant would be used.
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If is reasonable to.conclude thatleconomies of scale can be used
to réduce busbar éést‘of e1ectricitv~from hybrid plants. The
potehtiél cost - reduction, howe%p};'is relativeiy modest. 1In
additiéh; the economies of scale are no longer effective where
the plant beébmésflarqe enough to re&dire more than one collector
field and receiver. In the aksence of other constraining
factors, such és‘utility need or. land avéilability, the optimum
plant size.is exbected‘té range from 300 to 400 MWe.

6.2 POTENTIAL LIMITATIONS

In this section potential Iimitations to implementing the
commercial-séale éblar‘hvbfid power system are discussed. Issues
addressed ihcludevenvirohmehtalieffects, land use, natural
resources, state of ﬁaiériaié technoloqgy, commercial availakility
of power convefsioﬁ”éthpmént. mangfacturinq and marketing
capacity consttéinfs, ihstitutiqnél;Constgaints, and safety.

Sume of these iséue§ are Site4specific. nly a qené;alimed
assessment cén be.giveﬁ at'ﬁhiéitime, since the study was based

on a generic site.

6.2.1 Environmental Effects

The pﬁvsical asbécté of éheAééQi;onmenf cohsidered in evaluating
thé iﬁpact of.a soiargﬂybriq¥$ystem includéAtobographv, soils,
hvdroléqv ané'surfacg water manaqement;hlocal drainage patterns,
surface éﬁd qfound’wate; éualitv, air pollution, and ambient

noise.

‘
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Constructioh of the plant will require ‘surface gradingméf e F
approximtely 350 acres. If the surface-.of the selected site is
relatively flat, 1arge-scale:chgpqgs;ih the:topographic features
will not be necessary. . Construction will also cause .some
alteration of the soils on.the site..;Heliostats will shade the:
soil to varying degrees, which.will alter cycles of natural soil
heating and cooling and will affect air ;circulation at or near .
the soil surface. Access roads, constructed :with.-road oil-and
gravel or asphalt, will alter drainage patterns and eliminate

these areas as biological substrate. - -

The modifications to natural topography will alter the runoff.
pattern for the  site. When local precipitation rates exceed the .
permeability of the surface soils,'new runof f . channels will.
develop to. reflect the change. in surface configqration.ﬁ In
certain areas of the éollector,field, fainfall~:unoff.mayfbe;
concentrated into high-volume, . high-velocity flows, :which could
erode the site.. . : LT | v A

. s E Foaomewl

If the plant is in a groundwater recharge area, ,recharge of the
aquifer system on the site could ke altered. Infiltration
derends on chemical and physical soilf;hggactggigtigs,-which vary
greatly from site to site. The alteration in surface runoff
patterns on the site would -probatly channelksurface.runoffﬁ
downslope and mavy limit infiltfation onsite.  .There are

economical mitigating measures. that can ke applied to minimize or

eliminate any adverse ecological effects. .
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Construction and~operation of the hybtrid plant is not expected to
have a direct impact on water quality. But since localized
erosion may occur during periods of peak snowmelt, increased
turbidity in nearby streams and ronds may result. Soil
stabilization measures can reduce erosion and turkidity proltlems.
These measures depend largely on the fécility location'and

topoqgraphy.

éoil, but by judiciously selecting the chemicais_used this will
not significantly impair surface water resources. If large’
volumes of water are required for washing, groundwater resources
may be impaired. Since groundwater resources at a particular
site may vary from drinking water quality tq.unusable saline or
brackish water, "impairment" must ke related to specific site
conditions. It is assumed that wéstewateg from heliostat washing
operations can ke collected and tecécled. Other wéste streams

will have to be treated prior to release.

Solar hvbrid blants.hévé a smaller condenéer coolihq load than
fossil or nuclear piénts'of equal capacity. Makéué water
requirements to the cooiinq to@er'will ke cofrespondingly lower.
Coolinq~tower and HRSG blowdown can ke evaporated, resulting in a

zero discharge plant.

During construction there will be some temporary increase in the
site noise level. The ambient noise levels will ke high near the

gas turbine during operation: The compressor air intake will
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require a filter silencer. There are well éestablished noise
abtatement procedures used in conventional combined cycle systems,
which may be employed to reduce this nuisance if the gplants are: -
located near ponulated areas. :

During CCnStruétion, the site work is expected to generate some
temporary airborne dust. Operation of the gas turbine cycle will
result in atmospheric discharge of combustion products.
Eﬁvironmentai Proféétion'Aqehcv or local air quality-control
requlationé limit these emissions, and the plant will have to
meet the abplicable'redulations;' It is'expected'that'controlvof
nitrous oxide emissions will teauire mitigating meaSures, such as
catalytic combustors, to stay within discharge limits applicakle
in the 1990s. " In comparison with conventional plants of equal
rating, the hybrid plant would cause about 30 percent less

emission.

Clearing a site of standing vegetation also involves eliminating
aniﬁals and insects. Larger rredators likg the fox and coyote
are expected to migrate to other -locations. Smaller animals,
such as rodents, various reptiles, and some of the tygical
desert-dwelling amphikians, will ke only temporarily displaced,
but will be able to reestablish on fhe site after construction
activity ends. Resident birds at the site would be displaced
during construction, but would rrokably not be affected outside
the perimeter of the heliostat field. Pirds flying into the
focal zone during the dav would rrobably not survive. At night,

the local birds may mistake the collector field for water and
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crash into the heliostats. Field surveys will have to be
conducted to determine the site-specific impact on plants and

animals.

Some operating and construction rersonnel will probakly be drawn
from the area the facility serves. Cther workers will come into
the area and will affect housing and other community services.
This impact will be minor due to the comparatively small lator
force required. The regional economy  would kenefit from the
consumption. of local goods and services Ly workers. ‘IOng—term
benefits to the local economy are employment at the facility and
the secondary demands for qgoods and serviées qenerated ky the
workers.” Employment 1eveis during operation are estimated at

30 reople.

In summary, the environmental imgpact of the solar/hybrid ﬁlant is
similar in nature to other solar power plants and is minimél_when
compared to other less efficient power qeneratiﬁq systems. Major
advantages of the solar/hybrid plant err conventional plants
include the displacement of fossil fuels with.solar enerqgy,
reduced combustion emissions, smaller conienser cooling load with
a related reduction of the coolihq tower plume, and teduced.

makeup water requirements.

6.2.2 ~Land Use Constraints

Land use constraints vary from site to site and their impact must

be evaluated in the context of each specific site. Most of the
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more common constraints are similar in nature to those of other

solar power plants. N -

Land requirement for the conceptual design éolar hybrid facility
is apprqximatel? 350 acres, less than half of what is needed for
stand-alone solar thermal power plants of éomparable rating.- The
ideal site topoqgraphy is generally level or, .at most, gently
sloping. 1Its characteristics include a maximum height of 2 feet
between the bottom and top of soil swells, with a wave length of
at least 100 feet, and a 0 to 10 degree maximum inclination

running downhill in a north to south direction.

Soil conditions influence the foundation design and costs. The
soil must have sufficient loadvhea:inq.capacitv for the receiver;
Seismic characteristics will(affect the tower and receiver
desiqgn. The type and quantitvqu:veqetation will affect the site
clearing cost and may also be a‘continuing maintenance
‘;equirement‘in,view of the potential fire hazard.

Site seLection for solar plants must also consider conditions
such as the potent;al for prolonged cloud cover, and.shad0wing ty
forests, bluffs, hills,‘or buildinq§ whicﬁAwould reduce the . |
number of hours of operation fﬁr the facility. Strong wind
forces and snows loads add to the cost‘of structures.
Convenient tie-in to a nearby utility grid is desirable. Water
is required for cooling and mirror washing qperation‘and for

potable services. 1If a water supply is not availakle from the
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local water district, the plant must be located near an aquifer
of sufficient flow capacity, and the water from wells musf'he
purified. The selected site should ke near adequate
transportation routes to facilitate shipment of equipment and

suprlies.

Zoning requlations are not expected to have a substantial effect
since the probable sites will be away from population centers.
However, the plants should be located away from airports and
their landing and takeoff pattérns to “avoid interference with air
traffic and potential hazards of klinding light from straying
heliostats.. Also, any nearby industrial or farming oreration,
generating large amounts of airkorne dust, would te undesiraktle

for the hybrid plant.

Candidate sites must be investiqgated for historical significance,
due to increased public awareness of this issue. Acceptance ty
the local community will influence the ease with which the
necessary permits can be obtained. And their écceptance will ke
affected in part by identification and mitigation of any adverse

environmental impacts.

6.2.3 Natural Resources Constraints

Depletable or domestically scarce material resources used in
construction and operation of hvbrid:plants include water,
distillate 0il, and such alloving elements as cobalt and

molyvbdenum.



Watgr'is used as working fluid in the steamvc§c1e, for condenser
cooling, heliostat washing aﬁd shog and domestic coﬁsumption.

The estimated totalvwéter usaqe_in thefplant is 1350 gpm. The
largest water usg'ié fof condenser cooling. The expected rate of
water usage is comparable to that of conventional comkined cycle
power plants, but is only about a third of the usage rate in
conventional steam electric plants. If water of sufficient
quantity cannot_be obtained at an otherwise desirakle site, the
water requirement could be significantly reduced Lky. using dry
cooling towers. 'With these, however, the plant performance would
be lower during the warm season. This performance penalty would
not be as severe with the comkined cycle plants, since only the

steam cycle portion would be affected.

Distillate oil (No. 2 fuel oilj waé selected as the reference
fuel for the hvbrid plant. This fuel'was'found to be the most
economical and offered a nﬁmber of advantages in storage and
‘handling as well.i Petroleum disfillates fall under the
jurisdiction of thé National Enerqlect of 1978, which became law
while the projecf was in proqress; Red%lations imﬁlementing this
law are now in the draft stage. According to current draft
regulations, oil-fired plants may le licensed under a simplified
procedure if they use at leasf'ZS percent nondepletable (e.g.,
solar) energv. Since at a 48 pércent load factor, the hybrid
plant uses bet;er than 28 percent éolaf enerqy, it can qualify

for these simplifiéd procedures.
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It was estimated that the concertual design hybrid plant'would
displace about 17,000 barrels of fuel oil annuaily. There are
several optlons to increase the solar fractlon and improve the
fuel dlsplacement potentlal, as dlscussed in Sectlon 6.1.1.
Furthermore, the cost penaltv associated with using coa1~derived
alternative fdels ranqes from 1 to 2.5‘percent of the equiva;ent
capital cost. with such;a.small cost’penaltm the plant economics
would not be severelv affected if it were converted in the
future, to coal derlved fuels or methanol once these become

‘A i

avallable in suff1c1ent quantity.
Approx1mate1v 400 metrlc.tons of Inconel 617 is requ1red to build
the heat p1pe recelver. ThlS mater1a1 conta1ns 17.5 percent
cobalt and 9 percent molvbdenum as alloving elements. Akout 98
percent of the cobalt and 55 percent of the molybdenum used in‘
the U.S; is'imported, mainlm from Africa. Due to limited
production capacity and uncertainties at the source, surcharges
ur to $6.6/kqg ($3 0/1b) are currently charged on Inconel 617
orders. There are several other n1cke1 alloys (such as Inconel
601 and Incolov 800) with somewhat poorer high-temperature
strenqgth properties, which do not' contain either of the scarce
alloying eiements._ As descrihed in Section 6.2. 1. cost |
reductions, as well as less dependence on 1mported materlals,
would be attained by sutstltutlnq one of these allovs, in part or

completelv, for Inconel 617.

6-34



6.2.4 Status of Materials Technoloqgy-

Most of the materials used in the solar hvbrid power system are
commeroiallv available. However, certain high-temperature, high-
strenqth materials will require testing to verify'their

suitability for application in the proposed design.

Collector Subsystem. All materlals and processes used in the

heliostats are within present state of the art and, generally,
are commercially available stock items.’ The mirror module
design, materials, and bonding process are virtually identical to
those presently used on the Northrup I neliostats, whioh have
been built and are currently undergoing testing. Wwhile the
electronic collector field control and compnter software is
unique to the heliostatvrequirements, the subcomponents are again

commercially available stock items.

~In summary, no unique or advanced—teohnologv materials or

processes are required for the collector subsystem.

Receiver Subsystem. Althouqh Inconel 617 Ls a commerc1a11y

available allov, 1t has not vet heen approved by the ASME 3011er
and Pressure Vessel Code, and is not covered by other ex1st1ng
codes. Its mechanical properties are not vet well documented at -
high temperatures. Development of the necessary data for code:
aprlication and the process of code approval, however, can ke
'accomplished in time to permit use of this naterialein solar |

“hybrid plants with startup in 1990.
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The heat plpes are the most cr1t1ca1 components of the recelver.
They must operate at hlqh temperature, with large thermal

qradlents,,under severe cvcllnq condltlons. Because of the

*

importance of this concept to the’spccess of the receiver,

laboratory tests simulating solar receiver operation must be

carried out to support the final.conceptual design.

Combustor. The proposed de81qn uses a catalytic comkustor

i

concept belnq developed bv Westlnqhouse and several other
companies. It employs a ceramic' honeycomb of large surface aree
on which a catalyst iS~deposited.-'The materials of construction
being tested for this service are currently availahie. The
remaining technical issues pertain to the development of ceramic

structures capable of withstanding the thermal cycles and

vibrations, and to the service life of the catalyst.

]

Other Components. All other components'use'current materials

technology, are commercially availakle, and require no
. . N . e ' .
developmental work.'

6.2.5 Power Conversion Equifgment Availab;;ity'

Gas Turbine. The qas turbine unit is similar‘to Westinghouse!'!s

current production. model W—501, modlfled as descrlhed in

Scction S. The modi fications 1n the compressor discharge and

c 5

turbine 1n1et areas to perm1t serles ccnnectxon of the receiver
are similar to those requlred for closed-cvcle or reqeneratlve

gas turbine and therefore, are con51dered current technology.
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Combustor development work, surrorted by several organlzatlons,A'
is under wav to reduce NO, emissions to letels required by o
late-1980 air quallty standards for statlonarv comblned cycles
and a1rcraft engine appllcatlons.- It is expected that this
effort will result in commerc1a1 ava11ab111tv of the de31red
technology by 1990, when the solar hvbrld system is proposed to

start operation.

Other Equipment. All other power conversion eQuipment, including

HRSG and steam turbine, is commerc1a11v avallable and presents no
restrictions to w1deSpread appllcatlon of the proposed solar

hybrid system.

6.2.6 Manufaoturinq and Market‘CapacitgAConstraints

Manufacturing techniques reduired to fabricate and install
conventional equipment of the hytrid.plant-are not siqnificantly
different from those required-for conventionalfcombined.cycle
power plants. An.adeqhate.nanufacturinq.cdpaoity and a
competitive market for'this equirment are in plaoe. " Constraints -
for the solar components are related to the need to estaklish a
manufacturing industry of sufficient'production Capacity'located
close to the Pscific Southern and South“Mountsin reqions, where
the’ bulk of the central receiver solar power plants w111 probablv
be lnstalled. For this to occur, potential suppllers must ke
quaranteed a sufflclent market for their product, and a
reasonable rate of return on investments in new production'

facilities must be assured. Iow production rates expected in the
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beginning vears will result in higher unit costs, and government
incentives may be necessary to defray costs related to

establishing a new industry.

Collectof Subsystem. A manufacturing rlant to produce‘heliostats
for the hybrid power plant wouid probakly bg'sized for an annual
production of 25,000 to 50,000 units.v At this level of output, a
facility designed exclusively to manufacture heliostats can te
built and operated efficiently. Pecause the area is the ﬁrime
market site for solar hybrid plants, the manufacturing site
should be centrally situated in the SOuthwesterh United States so
that shipping distances Can be minimized. Even if highly
automated, a plant of this capacity would probably require akout

800 emplovees.

Locating heliostat manufacturing facilities in the Southwest
would have avdisadVantage, hbwever, since the manufacturing
facility will bte material-intensive (using upwards of

100,000 tons of raw materials annually). The market sourcé for
steel, glass, gears, beérinqs, and other hiqh¥weith/hu1k
materials is qeneiéll? in the Midwest or in the Fastern Us, and
intermittent spot—shippinq proklems could develop. It is not
anticipated, however,:that supplier production capacities for
qlass, motors, electrbnic assemblies, machined pérts, and steel
structural stock will be a problem, provided that there is an
adequate lead-time tor ftirst shinment and that a normal

'

production flow of 500 to 1000 units per week can ke maintained.



Réééiver-Subsystem; Materials used in the receiver are available

in the quaﬁtitieé required, except for Inconel 617. 7The current
production capacity of Inconel 617 is probably too small to meet
the required demand. However, increased production of

Inconel 617 is being planned. - Préjected plant expansion is also
expected to alleviate the current cobalt and molybdenum shortage
by 1985. Nevertheless, these allOving”eiements will still have
to be imported. |

The receiver c&n be manufactured using standard practices.’ Heaf
pipes of the type and size used in the receiver have never teen
manufactured in large quantities. Put capacity could ke expanded
to adequately meet the demand by using e€xisting metal fabrication
facilities for the conventional manufacturing steps and expanding

the final assembly facilitvy.

6.2.7 Legal, Requlatory, Fiscal, and Institutional Constraints

Legal and Requlatory Constrainféi “Government constraints can
come fromvthe fedefal, state, ahd local levels. State and local
requlations are often more réstrictive than federal regulations.
Table 6—2.summarize8'potential legal and regulatory constraints
applicable to the solar hybrid rlant. ILocal and redional
requlations shown are typical for the Barstow site.

As shown in Table 6-2, the list of potential requlators is
considerable. Time and cdst of licensing could represent a major

constraint to the introduction and widespread use of solar hykrid
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POTENTIAL LEGAL

TABLE 6-2

AND REGULATORY CONSTRAINTS

Government Agency

Jurisdiction

Constraint on Plant

Federal

State

Local and Regional

Environmental Protection Agency

OSHA
Bureau of Land Management
Federal Power Commission

FAA

Public Utilities Commission
Energy Commission

Solid Waste Management Board
Department of Water Resources

Lands Commission

Department of Architecture and
Construction

Air Quality Management Board

Regional Water Quality Control
Board

County

County and City
Los Angeles Metropolitan
Water District

or

County Flood Control and Water
Conservation District

Air quality

Water quality
Noise

Health and safety
BLM lands

Power generation

Alrspace

Utilities
State energy development

Solid waste
State waters

State lands

Occupled structures

Air quality

Water quality

Licensing
Zoning
Compliance

Water use

EIS review.
Wastewater treatment.
Noise at plant boundary.

Noise, light, and general working
conditions in and around plant.

Management plans and right-of-way
permits.

Approval for electric power
generation.

Permit for towers over 200 feet.

Power plant certification.
Public convenience certification.

Notice of intent.
Power plant certification.

Permit for waste disposal.
Permit to appropriate water.

Permit or lease for state 1anﬁs
and right-of-way.

Certification of buildings for
handicapped person access (appli-
cable if structure receives state
funda).

New source performance review.
Prevention of significant deteriora-
tlon permit to construct and offsec.

National pollution discharge elimina-
tion system. .
Water certification.

Rezoning and use permits.
Environmental impact report.

Right-nf~way.
Building permit.

Water allocation.




technology. A simplified procedure, preferably "one step
licensing", needs to be estaklished early. Ease of licensing
‘could become a significant incentive to promote favoratle utility

consideration of solar .technologies.

Fiscal Constraints. Introducticn of the. solar hybrid technology

into commercial utility application hinges on the resolution of
two major fiscal constraints, namely, the cost of development and
the alleviation of economic risks associated with this emerging

technoloqv,

For the moment, a major share of the solar development costs is
borme mainly by the Department of Fnergy, although some private
heliostat development is in progress ahdvindustry is carrying
some of the cost of developinq low emission combustors. 1In
addition to the development of low-cost heliostats (a genetic
need for all central receiver solar power systems), the comlined
cycle hvybrid plant also requires development of receivers for
hihg-temperature service and comktustors that can limit the
formation of thermal NOy. Solution of the low-emission comtustor
issué is a generic one, common to gas turbine applications, and
expected to benefit the hybrid rlant as well. Thus, the only
major development need specific_to this hyb;id system is the
hiqh—temperéture receivef, It is expected that, as a minimum, a
criticalAsvstem-Level_ekperimental power system will also have_tq
be built and operated before commercialization can be

successfully launched.

[«
|
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Establishing an overall development plan and timely funding of
work needed to achieve the planned milestones are required to
assure that the combined cycle hytrid plant will ke available for

X . co f

commercialization in the 1990s.

From the point of view of utility economics, the hybrid power
system represents a departure from many conventional technologies
which require lower initial investment but continuing high fuel
costs. New technologies, such as solar, typically requiré high
initial capital expenditures but -have little or no fuel charges.
The capital cost of the hybrid plant is lower théh that of:  stand-
alone. solar plants by virtue of its smaller solar comgonent.
Copverselv, fuel costs to compensate for the lower solar
contribution must be considered in the tusbar cost of -

electricity.

Successful introduction of new technologies into the utility
market usually requires some form of risk and cost sharing or
credible demonstration of their technical and economic
viabilities. Considering the urqeht‘need to displace scarce and
imported fuel, the extended time required lfor the latter is
undesirable. Risk- and cost-sharing appear’' more likely to
encouraqe utility intereét, as confirmed by utility comments
(Section 6.3). 1In this respect, the combined cycle hykrid plant
is in an advantageous position, since the EPGS is essenfially a
conventional plant, capable of tull power operétion. As such,

power generation with fossil fuel can te maintained even. if the



solar portion of the plant failed for some reason. Thus, the

technical risk is minimized.

Institutional Constraints. ‘A review of institutional constraints
included the examination of publiq and utilitvy acceptance,
industrial interest, availability of codes and sténdards, and
availability of trained engineering and operating personnel to

support introduction of the solar hybrid technology.

The'use of solar énergy is sfronqlv éndofsed by various
environmental éroups aﬁd.elected qovefnment officials. For the
time béinq, media coverage is largely favorable. General puklic
acceptaﬁce is also qbod. However, expéctaﬁions in terms of
timing, cost, and degree of.implementétibn aré often UnreéliStic.
The potentialé of solar enerqy are discussed more often than all

its limitations.

" Judqing from the admittédiy'limited survey of utilities conducted
as part of this project, a general awareness of solar technology
exists. Solar power plants are keing considered ky utilities in
their generation planning work, although utility readiness to tuy
solar plants will remain moderate. This is true even though the
technical and economic.viability of solar power generation can ke

demonstrated in successfully operating solar plants.

A number of engineering and component maanacturing firms have
participated in government- and EFRI-sponsored solar study and

development projects. Given sufficient market incentives, most
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' of these are interested“in future participation as constructors
or equipment suppllers ror commercial sOlar plants. To supgort
the development of a sufficient indnstrial hase for sclar plants,
engineering and manufacturlnq standards must be estatlished to

assure re11ab1e performance of solar products.

At this time only a'limited‘pcolfof trained personnel exist to
desian, construct, operate, and maintain solar power plants.
Formal and on- the—job tra1n1nq must ke 1n1t1ated soon, 81nce the
.number of trained personne11w111 have to be expanded ky an order

of magnitude to staff future solar power plants.

6.2.8 Safety Considerations

An extensive rewiew ofutheisafetv aspects of a'Bravton cwcle
central receiver-power plant (in most respects very similar to
the ‘hybrid- power system) was performed kv the Boelng Enqlneerlng
and Construction Company (Ref. 6-1). It 1dent1f1ed soec1f1c
hazards.and safety measures that would either lessen the
probabllltv of an accident occurring or limit economic losses and

personal in-dury. Ma1or hazards were 1dent1fed as:

. Stored enerqgy in high-termperature and pressurlzed working
fluids (e.g., air and steam)

e Reflected high-intensity sunlight
* Exposed surfaces at high tempcratures
o Noise and missiles from high-speed rotating machinery

e Elevated work locations



Safe practicee and protective gear to prevent injury or losses in
case of accident were identified. Most of the preventive and
mitigating measures are consistent with,current standard industry
safetv practices. A notable safetv advantaqe of the comkined
cycle hvbrld plant 1n comparison with some other proposed solar
power systems is that its operatlonddoes not require circulation
of large quantities»of,toxic or hazardous materials.A Failure of
a heat pipe would expose only‘ahout -1 kg (.2 1b) of sodium or
potassium to the atmosphere. Since the internal rressure in the
heat pipes is below atmospherlc, most of thlS small ‘amount would

become oxidized 1n51de the plpes.

6.3 MARKET ANALYSIS UPDATE_

The market analysis results, reported 1n Section 2, were updated
after consideration. of the cost and performance of the hybrid
power system conceptual design. 1In addltlon, representatlve
ut111t1es in the four reqlons cons1dered in the market ana1y51s,
as well as the Solar Enerqgy Research Instltute and Electric Power
Research Institute, were contacted for comments on the market
analysis methodoloqgy. Comments were souqht on the market
analvsis results and the prospecte of solar energy utilization in
their respective service areas.‘ This‘section summarizes the

results of the market analvsis update and the utility comments.



6.3.1 Busbar Costs and Market Potential

Table 6-3 shows the capital cost estimate totals for the Modified
and Advanced Strawman systems and the conceptual design. The
éstimates were normalized for mid-1979 dollars and 112.6 MWe
capacitv. (The AFDC was excluded.) Since the conceptual design
uses a heat pipe receiver, comparisons with the Modified Strawman
are the most appropriate.. As evident from Table 6-1, the
conceptual design is. about ;3 percent more expensive than the
preconceptual Modified spraéman. The majority of the difference

relates to the use of first-of—-a-kind $160/m2 heliostat costs and

higher receiver costs.

Based on the cost sensitivity curves of Figure 2-6, the levelized
‘busbar electricity cost increase due to the higher carital cost
would vary from 13 percent at the lowest capacity factors to 3

percent‘at the highest.

Operating and maintenance cost estimates for the Modified
Strawman,‘Advanced Stréwman, and Conceptual Design are shown in
Table 6-4. As before, the estimates have been normalized to mid-
1979 dollars‘and 112.6 MWe caracity. The conceptual design O&M
costs were estimated from Bechtel's historical data for comtined
cycle power plants and.were based on analyses by subsystem. The
'gstiméted cosfs amount to 1.6 percent of the capital éosts,
fcompared with 1.0 percent stated in the Requirement Definition
(Réf. 6-2). This:acgbqnts for the nearly 60 percent higher C&M

costs indicated fof_the conceptual design. More detailed O&M
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'TABLE 6-3

CAPITAL COST COMPARISON'

'

(1000's ~of mid-1979$).

Concept " Cost
Modified Strawman 124,800
Advanced Strawman 139,600
Conceptual Design 141,400 ‘
" Percent Change from
Modified Strawman _—
to Conceptual Design +13

“ TABLE 6-4 -

OPERATING AND MAINTENANCE COST COMPARISON
(1000's of mid-1979%)

Vafiable

. Total
Concept F?xZi Oiﬁr§°St 0&M Cost (per yr at 48%
per ye (mills/kWh) |capacity factor)
Modified Strawman 910 - 1.08 - 1,420
Advanced Strawman 1,210 91 1,640
Conceptual Design 860 2.92 2,240
% Change from
Modified Strawman : ‘ :
to -Conceptual Design +170 +58




cost eétimates also changed the relative size of the fixed and
variable O&M cost components; the fixed component decreased from
65 to 40 percent at the_ue percent capacity-factor. 'The major
reason for this change is thét a variakle component has keen

included in solar plant OfM costs.

Even relatively large changes in 6$M coéts have only a mipor
impact on levelized busbar electricity costs. For example, if
,all else were unchanged, the indicated~5§ percent increase in
annual O&M costs would result in only a 2 percenf increase in
levelized busbar electricity cost. The pércentage'change would
be higher at larger capacity factors and smaller at lower

capacity factors.

Levelized busbar electricity ccsts were calculated from
performance data shown in Tabie 6-5."As discussed in Section 5,
the conceptual design has sliqﬁtly lower.plant efficiency because
of-tﬁrbine cooling'flow réquirements and the 7 percent decrease
in. the average annual solar fraction. ‘These changes are expected
to increase 1eve1iied busbar electricity cost at 48 percent

capacity factor by 2 and 1 percent, respectively.

Fiqure 6-8 shows the net impact 6f the above changes on the
levelized buskbar elect;icitv cost. The curves show kusbar costs
in mill/kwh for the Pacific Southérn region for the Conceptual
Design and the Modified Strawman'design at 12 percent fuel
escalation. The reSults for first~veér oberation in 1990 have

been converted from current $/kwyr to the more familiar current
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TABLE 6-5

REVISED PERFORMANCE DATA

Plant Modified | Advanced | Conceptual Pgrcgn? Change from
< s . Modified Strawman
Characteristics Strawman | Strawman Design X
to Conceptual Design
Capacity (MWe) 100 100 112.6 ;.+12'6
Life (yr) 30 30 30 -
Daytime Average
Heat Rate
(Btu/kWh) 7,679 7,355 7,969 +3.8
Nightime Average
Heat Rate
(Btu/kWh) 7,743 7,423 8,162 +5.41
Average Annual
Solar Fraction (%) 31.2 40.8 28.8 -7.7
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dollar mill/kWh used by many electric utilities. At the 40 to 60
percent capacity factors envisioned for the intermediate-load
hvbrid.plant, levelized costs of the conceptual design are from
10 to N pefcent higher than that of the Strawman concept. This
correlates well with the overall chanqe'of 11.75 percent implied
- by the sum of the independent percentage changes in busbar cost

calculated from the previously defined sensitivity curves.

,Thé impact of higher busbar’cdsts of the conéeptual design'on the
proijected markef penetration is illustrated by Figure 6-9. This
curve shows that, in comparison with the Modified Strawman
concept, the cbst/performances changes results in a 15 to 18
percent reduction in expectea.cumulative solar hybrid market
penetration in the Pacific Southern'region; Proportional

reductions occur in all cumulative penetration profiles.

The proijected market penetration'should be considered pessimistic

because of the following:

. The calculated busbar costs of the hybrid system are
based on first plant costs without considering the
benefits of cost and performance improvements outlined in
Section 6.%. In contrast, the conventional technology
costs relate to well estaklished technologies and a
competitive market.

e Some of the economic parameters specified ky the
Requirement Definition and used in the analyses, such as
high fixed charge rates, tend to penalize the hyktrid
plant because of its comraratively high capital cost.

¢ "The mid-1978 cost of fuel o0il used in the analyses is
unrealistically low in light of the rapid escalation in
recent months. Higher fuel costs increase the value of
the solar contribution, and economic breakeven can ke
expected at lower escalation rates.
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6.3.2 . Utility Survey

To complement and confirm the analvtical‘rQSplts, SERI,'EPRI, and
selected utility companies from the Mid-Aflantic,»Sduth Central,
South Mountain, and Paéific Southern:regipns'were rgquested to
respond to a questionnaire shown ih‘Appendik E. Ufility

companies included in the survey were: -

. Pacific Southern Reqgicn

- Pacific Gas and Eléctric ‘ :
- Southern California Edison Company -

° South Mountain Region

- Arizona Public Service '
- Nevada Power Company (lLas Vegas)
- Public Service Company .. . -

° South Central Region

' - Texas Electric Service Company

° Mid-Atlantic Region

- Pennsylvania Power and light Companv

Although based on a smallAsample,,the survey provided a
reasonable basis for comparing many of the data used in the

market analysis with those used Ly utilities. .

Respohse to'questions relative tc the economic bases.used by
utility cdmpanies indicated é remarkable;consisﬁencv in some of
the economic assumptions used to compare'téchnologies. Table 6-6
summarizes these assumptions. The iﬁdica£ed'use of 14 to 16
percent fixed charqe rateslimplies that ﬁost utilities expect the
investment tax credit to be extended~indgfihitely. ‘Most of the



TABLE 6-6

TYPICAL UTILITY ECONOMIC ASSUMPTIONS

Y g X

Item

Typical Assumption

Discount rate
.Fixed charge rate
Economic life

Capital escalation rate
Short-term

Long-term

0O&M escalation rate
Short-term

Long-term

Distillate escalation rate

. Short-term

Long=-term

Coal escalation rate
Short-term

Long-term

U 8 escalation rate

23

11 percent
15 percent

25 to 40.years

9 to 10 percent

7 to 8 percent

8 to 9 percent

7 to 8 percent

10 to 16 percent
7 to 11 percent

7 to 9 percent

6 to 8 percent

7 to 9 percent




utilities also use different fixed charge rates for diffefent
power technologies. These range from about 14.5 percent for
combustion turbines to 16 percent for light water reactors.
There is also intertechnoloqy variation in assumed mean economic
life. Combustion peaking turkines are typically assumed tb have
a 20 té 25 year 1life, combined cvcle plants a 30 year life, and

base-loaded coal and nuclear rlants 35 fo 40 year lives.

There was somewhat less aqgreement atout projected price behavior
of capi£a1 eguipment, operating and méintenance costs, and fuel.
Most utilities assumed different rates of escalation for
short-term and long-term planning. Higher short-term nominal
escalation rates are typically used over a 3 to 5 year horizon,
with lower rates applicable thereafter. This treatment is
consistent with an expectation that market action will reduce
real price differentials over a longer period of timg. As might

be expected, the expected nominal o0il price escalation exhikited

the largest variance.

The survey sample proved too small to make reliable conclusions
about specific capital costs ($/kW) and efficiencies of the
conventional technologies used in the market analysis. This
probably occurs because the reported values are averages over
systems which differ in age and duty. Similarly, it was
impossible to validate ;he reqional c¢osl variations. However,
many of the cost/performance data furnished by the utilities
aqreed reasonably well with the EPRI data used in the market

analysis. Overall, there did not appear to be any gross
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discrepancies in the market analysis data. Moreover, several
. El
utilities stated that they actually use screening curve/load

duration curve techniques for preliminary expansion planning

studies.

Utility opinion on the market potential of the hybrid plant

'seemed to support ghe analytical results of the market analysis:

K In the Middle Atlantic region, there was no foreseeable
market penetration. Winter load peaks, poor overall
insolation, and limited land availability were cited as
the major problems.

° The South Central region was seen as slightly more
promising, with the possikility of a few plants prior to
2000. It was emphasized that the hybrid plants would not
be considered unless they proved cost competitive (either
on their own merits or through government subsidy). One
utility pointed out that the hykrid concept might provide
a useful way to extend the useful lives of existing
combustion turblne capac1ty as part of a repowering
scheme.

. South Mountain'reqion utilities gave the hybrid plant its
most favorable reception. BAlthough solar was seen as
accounting for no more than 2 to 10 percent of installed
capacity before 2000, Arizona and New Mexico utilities
believe that there may be a good demand for combined
cvycle solar hybrid plants after the year 2000. Stand-
alone solar facilities, on the other hand, would protably
not achieve a significant market share prior to 2020.

The major reasons for favoring the hybrid plant in the
short term is 100 percent capacity credit and less
operational uncertainty. These utilities also felt that
solar plants would be quite compatible with their grid
systems (they are summer reaking ut111t1es) and land
availability in that region.

° Pacific Southern region utilities see only limited
near-term prospects for any significant “solar capacity,
although the hybrid system was, once again, seen as an
appropriate first step toward large-scale solar thermal
power qeneratlon. .
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Both SERI and thé utilities emphésized that the hybrid system
would be used primarily for ihtermediate-load duty, with only
limited use in peaking and base-load applicétions. The
cumulative list of possible comﬁeting technologies indicated by

the utilities include:

° Advanced combined cvéle

. Advanced combustion turkine

o Syn-fuel-fired conventional o0il units .
o .Pumpedlhydro |
. Cycling coal

L Cogeneration

e Wind

This agrees with the market analvsis assumption, which excluded
base-loaded coal and nuclear plants from direct price competition

in the intermediate-lcad range. .
All of .the utilities expressed concerns about some common issues:

e It was generally agreed that cost would be a primary
-consideration in making investments in any solar '
technology; unless some type of sutsidy (notakly
investment tax credits) was forthcoming, market
penetration would be considerakly delaved.

e Technical and economic risks were cited as important
determinants of commercial feasiblity. Most of the
utilities would be hesitant to undertake construction of
a hybrid plant before commercial-scale demonstration of
the technoloqgy. Operational uncertainties involved in an
emerging technoloqy imply a higher level of economic risk
than is currently acceptable. Unless some compensation
for assuming this increased risk is provided, most
utilities would not take chances with relatively unproven
technologies. ‘ '
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. Fuel availability and fuel price were also major
concerns. The domestic and foreign institutional
uncertainty surrounding future distillate o0il
availability prompted two utilities to suggest that a
coal-fired hybrid, perhaps incorporating fluidized ted
technology, might be more acceptable.

o Five of the seven utilities thought that environmental
laws could hinder solar rlant construction, kut utilities
in Arizona and New Mexico said that according to their
studies, land constraints were minimal.

. All of the utilities agreed that there would have to te
significant new legislation at both the state and federal

level if commercial-scale hvbrld plants were to become a
reality in the near term.

6.4 SUMMARY ASSESSMENT AND CCNCLUSIONS

This séudy ﬁé; the first DOE-sponsored project. on comhinéd‘cycle
solar powei systems. Limitations of time and scope prevented
detailed considerations of all the technical and economic issues
affecting the value of such svsteﬁs to utilities. There afe,
however, some salient observations that can be made baséd on this

limited study.

6.4.1 The Conceptual Design

Based on conservative assumptions,tthe specific cost of the first
hybrid plant is $1256/kWe; Its net annuai average enerqy:
cOnﬁersiOn efficiency is 42.8 percent. ‘With 48 percent load
factor and 90 percent availability, the annual average solar
fraction is .282. The plant can be constructed over 39 months
with potential to generate ﬁseful power starting after the 33rd
month. Based on a preassigned coal/nuclear market share as
projected from Department og\Cohmerce data, the hybrid plant cén
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successfully compete in certain regions with conventional
comtined cycle and gas turbine rlants around the yearTéOOO, at

fuel escalation rates of as low as 12 percent.

6.4.2 Potential Improvements

The performance of the conceptual design was determined from
conservative estimates for the subsystems. Specifi¢ areas where

performance improvements may ke achieved in the future include:

. Improved mirror reflectivity and higher packing density
in the collector subsystem

e Increased receiver efficiency through more comprehensive

‘ aperture optimization, reduction of convective losses,
and extension of operating temperature limits (and with
it the solar fraction) ky developing ceramic receivers
for temperature up to 1093 C (2000 F)

o More modern gas turbines, now keing developed, which
promise Letter enerqv conversion efficiencies

Major cost reduction can be expected from:

. Automated, high-volume nroduction of heliostats

. Reduced use of Inconel 617 by subétitutinq less expensive
alloys in the low temperature zones of the receiver

e - Optimized receiver tower design for a specific site and
for realistic deflection limits

e . larger plants, taking advantage of economies. of scale

6.4.3 Potential Constraints to Widespread Apgplication

A broad range of constraining influences was reviewed kut it was

concluded that none would stor introduction of the hykrid plant

6~-59



by 1990. However, some major constraints require early

resolution, including:'

. Establishment of sufficient hellostat and heat pipe
manufacturing capacity :

° Completion of heat pipe and catalytic comkustor
development activities

‘e -Development of a favorable legal and réqulatory framework

. Demonstration of technical and economic. viability through
successful operation of representative-scale rlants

° Establishment of engineerinqg and manufacturing standards

° Training of personnel for design, construction, and
operation of solar hykrid plants '

6.4.4 Conclusions

Based on the system assessment and on the market analysis urdate,
the following conclusions can ke drawn akout combined cycle solar

hybrid power systems and their value to utilities:

. The hybrid plant offers a cost effective alternative to |
conventional gas turbine and combined cycle generating
plants.

) At 15 percent fuel escalation, and within the expected
range of coal/nuclear market share, the combined cycle
hybrid plants ¢an successfully penetrate the
imtermediate-load market.

. Because of potentially lower kusbar costs and lower risks
of interruptions in generating capability,
commercialization of hykrid plants will likely precede
the stand-alone solar plants.

) The combined cycle hykrid plants offer significant
operating advantages as a result of a simple
solar/nonsolar interface, short startup cycles, minimum
lag in responding to load changes, flexibility to use a
wide range of fuels efficiently, and assured full
generating capacity with or without sun.

(o)
I
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° Energy storage for the ccmkined cycle hybrid glants is
not required and is nct economically justified at this
time, but its development must ke pursued if the national
goal for solar enerqgy usage is to ke attained.

o The cost and performance of the hybrid plant can be
improved through further optimizations and technological
development. ‘ . R

) Major technical issues that require future development
efforts include the reliakility and performance of heat
pipves, ceramic receivers for higher temperature
operation, and the performance of catalytic combustors.

) Major technical issues that requ1re continuation of study
at the system and subsvstem level 1nc1ude-

- Preparation and assessment of system designs with gas
turbine inlet temreratures matching the peak receiver
temperatures possible with heat pipe and with ceramic
receivers

- Reassessment of earlier engineering decisions in
light of up-to-date fuel costs and economic scenarios
closer to those used kv utilities

- Optimization of receiver and receiver tower designs

In summary, the studv results indicate that the potential value
to utilities offered by the combined cvcle hybrid plant is
considerable; and tney show that development work should continue
through preliminarv des1qn, initial svstem-level experiment, and
detailed desiqn;»conotructiOn, and operation of the"first

commercial plant. -
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