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~REF ACE 

·To facilitate the accelerated development of thermal eriergy storage technologies for 
solar therma1 systems, a comprehensive program plan has been drafted. The plan was 
prepared at the joint request of the DOE Divisions of Central Solar Technology and 
Energy Storage Systems. The objective of the program is to provide thermal storage 
subsystems offering cost/performance improvements over currently available tech­
nologies. SERI is supporting the implementation of the plan with systems analysis. 

The systems analysis activity consists of both value analyses and a comparison of thermal 
storage concepts. Value analyses are being performed to establish cost goals for thermal 
storage. The objective of the comparison is to identify promising thermal concepts for 
development based on the cost of delivered energy from the thermal storage-coupled 
solar thermal plant. 

The comparisons are being conducted in a phased manner~ as illustrated below:. 

• Phase 1. Preliminary Data 

-

SERI ·in-house analyses of cost and performance of thermal storage 
concepts for: 

(a) Water/Steam Central Receivers (Electric Power Application) 

(b) Organic Fluid Receivers (Total Energy App1ication) 

These data are documented herein. 

• Phase 2. Decision Data 

Stearns-Roger (a SERI subcontractor) will generate cost and 
performance data for thermal storage concepts for the following solar 
thermal receiver systems and their applications: 

(a) Water/Steam Receiver 
Electric Power 
Process Heat 

(b) Organic Fluid Receiver 
Total Energy 
Process Heat 

(c) Gas-Cooled Receiver 
Electric Power 

Based upon Stearns-Roger data, SERI will rank the concepts and make 
specific recommendations for research and development. 

• Phase 3. Thermal Storage for Other Types of Solar Thermal Svstems 

The above steps are systematically repeated for all solar thermal 
systems/applications in the program plan. 

iii 
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This report documents the results of the preliminary data from the first phase. The 
objectives of this study were: 

• To provide thermal storage subsystem cost ana performance data determined in a 
consistent manner for several types of thermal storage concepts; and to 
determine the impact of those concepts on solar thermal system cost; 

• To obtain feedback information on the thermal storage concepts integrated into 
solar thermal systems; 

• To recommend areas for research; and 

• To provide SERI with sufficient experience to intelligently direct the more 
extensive effort of Stearns-Roger. 

Readers are cautioned to consider the rather limited objectives of this report and to 
avoid generalizing from its results (i.e., do not extend the results for electric power to 
process heat; that case has not been examined). The data are intended to be generic 
(i.e., the analyzed concepts are representative of similar types). Many other concepts 
exist; the results of these analyses apply to those other concepts only to the extent that 
there is similarity to one of the concepts studied. In addition, the data presented herein 
are based on a limited, preliminary study, and a more in-depth study (Stearns-Roger) has 
been initiated at the time of this writing. Promising concepts for development will be 
identified based in part upon the latter data, which will be available in approximately one 
year. In the interim, the authors welcome suggestions for changes in the system 
configurations that could significantly improve the results. 

The authors thank Lee Radosevich of Sandia Laboratories, Livermore; Cliff Schafer, also 
of Sandia Laboratories, Livermore; Jim Calogeras of NASA-Lewis Research Center; and 
Charles Wyman of SERI for their review of the results. Special thanks go to Joe Lavender 
of SERI who provided much of the basic cost algorithm data. 

Approved for: 

SOLAR ENERGY RESEARCH INSTITUTE 

~th,~ 
Solar Thermal Res h 
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Systems Analyst 

JneUllman 
Systems Analyst 
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SUMMARY 

The DOE Divisions of Central Solar Technology (CST) and Energy Storage Systems 
(STOR) have developed a joint program plan to accelerate the development of thermal 
storage for solar applications. The plan focuses the development of thermal storage on 
six solar thermal collector/receiver systems and specific applications of each system. 
SERI supports this program by providing systems analysis. This report documents the 
SERI systems analysis of several thermal storage concepts for water/steam receiver and 
organic fluid receiver systems. The object of this study was to compare alternate 
thermal storage concepts for both collector/receiver systems in electric power and 
cogeneration applications, respectively. 

A baseline solar thermal system design was selected for both applications. The 
McDonnell Douglas design of a 1 00-MW e plant (Barstow scale-up) was selected as repre­
sentative of water/steam receiver systems. The General Electric designed Solar Total 
Energy Large-scale Experiment at Shenandoah, Georgia, was selected as representative 
of organic fluid receivers. Detailed design information is available for both of these sys­
tems. Both designs included a storage system; a dual-media oil/rock thermocline system 
for the water/steam plant and a trickle charge oil/taconite system for the organic fluid 
receiver system. 

Several alternate storage systems were designed for each of the baseline systems. The 
alternate systems were required to accept the charging and discharging fluid at the same 
rate as the baseline storage systems. The alternate storage system designs included mol­
ten salt, dual-media molten salt, two-stage salt, and phase change salt concepts. A total 
of seven alternate storage systems were designed for the water/steam receiver system 
and five for the organic fluid receiver system. If an alternate storage system provided 
steam at a higher (or lower) temperature and/or pressure, the increased (or decreased) 
plant electrical output was calculated. · 

Ca;ts for the baseline and alternate thermal storage systems were calculated with a con­
sistent set of cost algorithms; e.g., all of the storage tank costs were calculated with the 
same equation. Performance was similarly analyzed (e.g., the same pinch point tempera­
ture differences). 

The alternate thermal storage systems were compared to the baseline thermal storage 
system based on changes in the cost of energy delivered from the solar plant. The 
change in the cost of the energy produced by the baseline plant with a baseline storage 
system was calculated for each alternate storage system. The analysis accounts for the 
differences in thermal storage system costs and first and second•law efficiencies due to 
the alternate storage system. 

For the water/steam receiver application, a dual-media molten salt storage system pro­
duced the lowest energy cost for buffer storage. For diurnal storage, a two-stage system 
(dual media oil/rock low-temperature stage and a dual-media molten salt/ low-cost 
media high-temperature stage) produced the lowest energy cost. Both of the above, 
however, were only marginally lower than the baseline dual-media oil/rock. Phase 
change concepts require technical breakthroughs beyond the identified approach before 
they will be economically attractive. 

For the organic fluid receiver application, a lower energy cost was obtained by replacing 
the taconite in the baseline system with a low-cost medium. Such a medium could be 

v 
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waste gla$. Salt concepts were found to be competitive with the oil/taconite trickle 
charge concept only if the application requires a very large quantity of storage. As with 
the water/steam receiver application, the phase change concept studied was not 
competitive economically with the sensible heat concepts. 

' 
Several general conclusions and recommendations are drawn from the study. The base­
line dual-media oil/rock and tricle charge oil/taconite systems are very good, and their 
further development is recommended. The alternate systems that are. economically 
competitive require the use of a .low-cost medium compatible with the working fluid 
(molten salt or Syltherm). Research to find such media is recommended. The phase 
change concepts, though not economically competitive in the systems studied, offer 
significant potential increases in efficiency for water/steam systems. Research in phase 
change systems are recommended to solve the identified cost problems. 

vi 
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SECTION 1.0 

INTRODUCTION 

Major considerations affecting the development of solar thermal power systems* for 
commercial use are: the need to provide continuous operation during periods of variable 
in~lation and to extend operation into nonsolar hours; to buffer potentially harmful sys­
tem transients induced by abrupt insolation changes; and to assure the availability of 
productive capacity during emergency periods. Two options exist for meeting these re­
quirements: conventional backup systems and thermal storage.** Backup systems pro­
vide a viable near-term solution; however, as conventional fuel supplies become critically 
limited, due to cost or availability, thermal storage will assume an increasingly impor­
tant role. 

A comprehensive program has been drafted to facilitate the accelerated development of 
thermal energy storage technologies matched to solar thermal system requirements and 
scheduled milestones. The plan (U.S. DOE 1979) for this program was prepated at the / 
joint request of the DOEDivisions of Central Solar Technology (CST) and Energy Storage 
Systems (STOR). The basic strategy of the program is both aggressive and flexible. 
Reflecting the current direction of the Thermal Power Systems (TPS) Branch of CST, 
storage for repowering/industrial retrofit, total energy, and small community system ap-
plications will be stressed in the early years. 

1.1 THERMAL STORAGE TECHNOLoGY DEVELOPMENT PLAlf 

1.1.1 Objeetive of the Program Plan 

The goals of the development program are to provide: 

• Second-generation storage subsystems, offering cost performance improvements 
over the first-generation storage subsystems currently being developed for solar 
thermal power applications; 

• First-generation storage subsystems for those solar thermal applications that 
presently have no storage subsystems; and 

• A technology base to support storage subsystem development for future solar 
· thermal power applications (third generation). 

*Solar thermal power systems collect and concentrate the sun's radiant energy to heat a 
working fluid; i.e., convert the radiant energy to thermal energy. 'l'he thermal energy 
can be used directly for heat applications (process heat, heating, cooling, etc.) or to drive 
a heat engine, producing mechanical and/or electrical energy. Applications for the latter 
include, but are not limited to, electric utility power plants, irrigation pumping systems, 
and total energy systems (cogeneration). 

**Backup systems include utility grids, fossil-fueled systems, batteries, pumped hydro, 
etc. Thermal storage includes sensible heat, latent heat, and thermochemical concepts. 

1 
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1.1.2 Program mements 

Seven elements have been defined in the storage development program. Six of the ele­
ments are keyed to storage development for specific collector/receiver technologies; the 
seventh element is advanced thermal storage technologies. The elements are: 

(I) Storage for water/steam-cooled collector/receiver. 

(2) Storage for molten salt-cooled sensible heat collector/receiver. 

(3) Storage for liquid metal-cooled sensible heat collector/receiver. 

(4) Storage for gas-cooled sensible heat collector/receiver. 

(5) Storage for organic fluid-cooled sensible heat collector/receiver. 

(6) Storage for liquid metal/salt-cooled latent heat collector/receiver. 

(7) Advanced storage technologies (third generation). 

Project ~pplications* for the first six elements have been identified, providing a focus 
for the storage technology development. 

1.1.3 Role of SERI Systems Analysis 

SERI is supporting the joint CS'l'-STOR program plan with systems analysis. This activity 
includes both value analysis and comparisons of thermal storage technologies. 

The value of thermal storage in a solar thermal system/application is a measure of its 
worth, or benefit, to the user. This benefit is measured by the cost of conventional fuel 
and equipment. that is saved when thermal storage is used. Clearly, if the cost of a 
thermal storage system exceeds its value, a user would be expected to avoid the thermal 
stora~e in favor of a fossil-fueled backup. Program cost goals are always set equal tn or 
less than that value. This procedure assures that only those technologies that have the 
potential of meeting (or surpassing) the cost goals wilJ be developed, and furthermore, 
that they will be marketable. 

Several t.hermal storage technologies are expected to meet the value-derived cost 
goals. Program resources are limited, and only a few thermal storage concepts can be 
developed. Obviously, these should be only those that are most promising technically and 
economica1ly. SERI is supporting the selection process by reviewing data being 
generated hy the developers of each technology and comparing the technologies on an 
equal basis. These comparisons are conducted in accordance with the program elements, 
identifying thermal storage technolo~ies ap'()ropriate to each of the solar thermal 
systems. 

*The repowering/industrial retrofit program may result in two system applications: 
· repowering of an existing electric power generating plant and retrofitting of an existing 
industrial process heat plant. Storage reauirements, which may differ significantly for 
the two applications, wilJ be further rlefined pending completion of conceptual design 
studies in FY80. 

2· 
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1.2 OBJECTIVE OF THE PRELIMINARY SCREENING 

The objective of SERrs comparison effort is to identify thermal storage concepts with 
the potential of a significant reduction in the cost of the storage-coupled solar thermal 
system. According to the latest version of the Thermal Energy Storage for Solar Thermal 
Applications Multiyear Program Plan, the goal is to reduce the cost of the thermal stor­
age subsystem by 24% to 57% below the first-generation cost while simultaneously im­
proving the round-trip efficiency of the thermal storage. Clearly, the program goals are 
to make technological breakthroughs. SERrs comparison effort is being conducted to 
identify where those breakthroughs can come. 

The preliminary screening study is being conducted by SERI personnel. The objectives 
have been limited to providing some early g'Uidance to the program managers and other 
interested parties, to providing a basis for information exchange (i.e., better descriptions 
of the concepts), and to providing SERI with sufficient background to properly monitor a 
later, in-depth study. To meet these objectives, an examination of the cost and perfor­
mance of thermal storage concepts for water/steam collector/receiver and organic fluid 
collector/receiver systems was conducted, and this report documents its results. 

Figure 1-1 presents the major milestones in the Thermal Storage Program Plan that SERI 
is supporting. The milestone for the preliminary screening is this report. The first deci­
sion points on specific technologies will be reached in about one year from this writing. 
Cost and performance data for those decision points will be generated by a SERI subcon­
tractor who is experienced in the design and costing of commercial hardware. · 

Fiscal Year 

Activities 
79 80 81 82 

I I I I 1 I I I I I I I 

Preliminary Screening " 
Decision Data on 
Collector/Receivers 

- Water/Steam " - Liquid Metal u 

- Gas Cooled · -" 
- Organic Fluid " 

Figure 1-1. Major Concept Comparison Milestones 

1.3 APPROACH 

The approach to the preliminary screening study is to cover the entire range of systems 
and concepts. Both large and small solar thermal systems are considered, as well as 
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electric power, process heat, and total energy applications. In addition, a wide range of 
second~eneration thermal storage concepts are also considered. This study addresses 
thermal storage concepts for the following two cases:_ 

I. Water/Steam Collector/Receiver 
(a) Large Power, 100 MW e 
(b) Electric Power Application 
(c) Barstow Technology Solar Thermal Plant 

IT. Organic Fluid Collector/Receiver 
(a) Small Power, 2944 kWt (10 MBtu/h) · 
(b) Total Energy Application with Electric Power, Process Heat, and Low­

Temperature Heat for Heating and Cooling 
(c) Shenandoah Technology Solar Thermal Plant 

These two cases are directly related to the first decision points. The solar thermal col­
lector/receiver technology reference systems are e,lso the systems currP.ntly phmned for 
large-scale project applications of the second~eneration thermal storage technologies. 

1.3.1 Generic Thermal Storage Coneepts 

· Second~eneration sensible and latent heat thermal storage technologies were studied. 
generically. Thermochemical systems were excluded, as they were considered to be 
third~eneration (advanced) concepts. Sensible heat concepts include single-stage and 
two-stage concepts, and both may be configured with or without dual media. Although 
latent heat concepts employ a phase change, they also can be combined with sensible 
heat storage concepts. 

The approach was to study specific thermal storage concepts as representative of classes 
of techoologies, The classes considered a.re as follows: 

Class of Thermal 
Storage Technology 

Sensible: 

Organio 

Inorganic 

Two-Stage 

Latent Heat 

CONCEPTS STUDIED 

CASE l CASE IT 
Water /8 team. Organi o Fluid 

Collector /Receiver Collector /Receiver 

Oil (Cnloria)/Rock 

Salt 
Dual-Media 

Salt and Oil/Rock 

Two Types of Salts 
and Dual-Media Salts 

Salt Phase Change 

Syl therm/Tacontte 

Salt 
Dual-Media Salt 

Salt Phase Change 

aTwo-stage systems were not studied for Case IT, since no advantage could 
readily be identified. 

4 



This approach has the obvious advantage of covering a large range of concepts with a 
minimum of effort. The disadvantage is that there may be concepts in a class (other 
than the one studied) that are significantly better. The authors recognize this problem 
and have attempted to employ the best concept definition available. Many other con­
cepts do exist. Including various versions of the specific ones studied, more optimal de­
signs may exist. Based on analyses conducted as part of this study, optimizing has a small 
effect (approximately 3% of the thermal storage subsystem cost). However, the program 
is seeking concepts with 20% to 30% and higher improvements in the thermal storage. 
Since the optimizing effect is small compared to the improvements being sought, the 
generic approach was adopted for this study. 

1.3.2 SERI Modifications to Coneepts 

The specific concepts examined in this study are those that are currently being developed 
or are a minimal modification of such. Whenever possible, data from the developer of a 
concept is employed. Many modifications were made by SERI to either improve or add 
necessary technical features. For example, analyses were conducted with low-cost solid 
media (for example, recycled glass) in molten salts as well as single-medium molten salt 
storage. Also, the phase change concept, as described by the developer, was modified to 
include a superheat capability (during discharge) as well as the defined capacity to boil 
water. Modifications to concepts were in general relatively minor technical changes, and 
similar items are either currently being developed or have previously been 
demonstrated. The modifications, and indeed other similar improvements, could be 
developed within the time frame of the second-generation development schedules. In all 
cases, the modifications were made to achieve the best system configuration for each 
concept. 

1.3.3 Criteria for the Preliminary Screening 

Several factors must be considered when selecting concepts for development - including 
costs in commercial use, development costs, risks, environmental impacts, etc. The ap­
propriate concept(s) to· develop must eventually be acceptable in all areas. A first 
screening may be conducted on any one parameter. The goal of the thermal storage pro­
gram is to provide a reduction in the delivered energy costs of an nth commercial plant. 
That criteria is employed to screen the concepts; at a later date, the other criteria will 
be applied to those concepts that meet the program goal. 

1.3.4 Referenee Systems 

Thermal storage is not an energy source, but a means of modulating an energy supply to 
meet a demand. The cost associated with thermal storage includes both the cost of the 
storage hardware and costs incurred by the performance of the storage subsystem. To 
determine the latter, a solar thermal system must be defined. To perform the compari­
son fairly (i.e., to isolate the differences due to the thermal storage concepts), all stor­
age concepts are examined using the same solar.thermal coJlector/receiver system. That 
system is designated as the reference system, and it includes a reference thermal storage 
concept designated as R. · 

Figure 1-2 ill.ustrates the approach. A complete solar thermal system is chosen for the 
analysis, including the collector, power generation (if applicable), thermal storage, etc. 

5 
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Without changing the remainder of the subsystems, the reference thermal. storage 
concept, R, is removed and an alternative concept, A, replaces R. All necessary changes 
are included, and the cost differentials (either up or down) are regarded as part of the 
cost of the alternative concept. This process is repeated, systematically varying the 
collector field size (with a proportional change in the tower/receiver system), dispatch 
strategy, location, and quantity of storage. The impact on the energy system cost is 
determined for each combination. This approach therefore identifies which conditions, if 
any, influence the choice of thermal storage concepts. 

Cooling Tower 

Power 
Generation 

System 

All other elements are unchanged (except as may be associated with the new storage, e.g .. a 
aua1 aamission turbine may be replaced with a single admission turbine It the storage allows 
it). . 

Figure 1-2. Approach to .ih·e Comparison of Thermal Storage Concepts 

In Section 2.0, the refere~ce collector/receiver systems and thermal storage concepts 
are described. Cost data ·and performance data are presented in Section· 3.0 for each of 
the concepts studied. In Section 4.0, the methodology for ranking the concepts is 
described, and the cost comparisons are presented for varying missions of the storage­
coupled solar thermal systems. Conclusions and recommendations are presented in 
Section 5.0. 



55,1 ~-~ _____________________ rrR_-_647 

SECTION 2.0 

CONCEPT DESCRIPTIONS 

2.1 THERMAL STORAGE SYSTEMS FOR WATER/STEAM CENTRAL RECEIVER 
PLANTS 

'T'he thermal storage systems considerecl for water/steam receivers were designed to be 
compatible with a 1 00-MW e central receiver plant. 'l'his technology is being developed 
by McDonnell Douglas Astronautics Company for the Barstow 1 0-MW e application. 
Figure 2-1 is an artist's rendering of the plant design. The heliostats are m1rrors reflect­
ing the sunlight to a receiver at the top of the tower. Water is circulated to the 
receiver, where it is boiled, superheated, and returned to the base of the tower. The 
heat content of the steam is then either stored or is used directly to generate electricity 
in a steam power cycle. Figure 2-2 is a simplified schematic of the overall system 
(Hallet 1977), illustrating the relationship of the thermal storage unit to other plant 
components. 

The storage system is charged at a flow rate of 727,000 1b/h with steam at 950°F and 
1465 psia. 'T'he feedwater is coming into the storage system at a flow rate of 
905,000 lb/h and is at 250°F. These two sets of parameters are used as the basic design 
conditions to be met in making the storage subsystem compatible with the baseline plant 
design. 

Figure 2-1. Artist's Conception of 10-MW Barstow Plant 
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HP 
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HP 
Htr 

Oesuperheater 

Thermal Storagee 
Heater 

570°F 

L--------~--------~ 

ToTS . 
Flash Tank 
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Thermal 
Storage 
Steam 
Generator 

Storage 
Components 

~ 

Figure 2.-2. Sche'!Jatlc Diagram of 10-MW Central Rec~lver_ Power Plant 

Table 2-1. PROPER'I1ES AJfD COST OF THERMAL STORAGE MEDIA 

p Costa 
c c 

p (g/cm3) (lb/ft3) ($) 

Caloria HT-43 (Exxon 1977) 0.677 0.70 43.61 $1.57/gal 

K-8alt (Donabedian 1978) 0.360 1.89 118 $0.275/gal 

Draw Salt (Martin Marietta 1978) 0.371 1.87 117 
$0.117/1b NaN03 
$0.2025/lb KN03 

Glass (Kreith 1973) 0.20 2.72 170 $10/tonb 

Taconite (General Electric 1978) 0.165 2.08 130 $100/ton 

Rock (Hallet 1977) 0.24 2.66 166 $10/ton 

Syltherm 800 (General Electric 1978) 0.503 0.65 40.5 $2.30/lb 

avendor quoted costs, Fall 1979. 
bEstimated as the same as rock for recycled glass. 
ccal/gm-° C and Btu/lb-° F. 
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2.1.1 Oil/Roek Storage- Referenee System 

The type of thermal storage system designed by McDonnell Douglas - dual-media, 
oil/rock thermocline - was used as the reference system for this portion of the study. A 
schematic of the oil/rock storage is shown in Fig. 2-3; the properties of the thermal stor­
age media employed in this study are given in Table 2-1. 

In the reference oil/rock system, the oil is heated to 592°F by the central receiver steam 
and is then pumped into a single thermocline storage tank. The oil heats the rock, and 
both of the media are stored in the tank. 

The capacity of the system is three hours of discharge. During discharge of the storage, 
the oil passes through a series of heat exchangers, heating the feedwater and converting 
it to 570°F, 395-psia superheated steam. 

T=680°F 
P = 1465 psia 
M = 887,000 lb/h 

Steam I Oesuperheater 

T = 950° F 
P = 1465 psia 
M = 727,000 lb/h 

Condensate from 
Receiver Feed Pump 

T = 425°F 
P ~ 1600 psia 
M = 160,000 lb/h 

Condensate 

T = 455° F 
P = 1400 psia 

T = 592° F 
M = 7,095,000 lb/h 

Thermal 
Storage 
Heater 

T = 435°F 

Charging 
Pump 

Oil/Rock 
Thermal 
Storage 

Extraction 
Pump 

o-
T =·570°F 
P = 395 psi a Steam 

Thermal 
Storage 
Steam 

to 
Turbine 

Generator 

T = 435° F 
M = 9.145,000 lb/h 

Feedwater 
.____ T = 250° F 

P = 400 psi a 
M = 908,000 lb/h 

Figure 2-3. Oil/Rock Thermal Storage System 
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2.1.2 Draw Salt Storage 

Draw salt is being developed for molten salt receivers and has been shown to be of low 
cost in such use (Martin 1978). Draw salt, which is 40% KN03 and 60% NaN03 (by 
weight), was investigated as a thermal storage medium for the water/steam receiver 
plant. The storage concept in this system, as depicted in Fig. 2-4; is simply circulation 
of the salt to collect heat from receiver steam, and then storage of the salt in a single, 
externally insulated, plain carbon steel thermocline tank. The salt is capable of with­
standing I 000°F; however, due to pinch point problems, only 600°F can be obtained in a 
single-stage system. 

The melting point of draw salt is 440°F, which imposes restrictions on the discharge por­
tion of the system. Since the plant feec:Jwater enters at 250°F, it must be preheated be­
fore entering the salt/water heat exchanger so that solidification of the salt on heat 
exchanger tube~ is prevented. 'l'his constraint neceE:sitates the addition of a fecdwatcr 
heater to the system. '1'he final exit conditions of the steam are 550°F and 500 psia. To 
avoid excess wetness in the lower· stages of the turbine, the pressure is throttled to 
400 psia before entering the turbine. 

T=609'F L.narg1ng 
Steam M = 15,833,000 lb/h 

T • 950'F 
P • 140~ ~>•Is 

M • T!T,OOO lln'lo 

Condensate 

T = 510°F 
P • 1465 psia 

Draw Salt 

Charging 
Heat 

Exchanger 

204.8 MW, 

40% KN03 
60% NaNO:~ 

Melling Point - "140°F 

Cold Salt 
CtrCulaling 

Pump 

Thermocline 
Salt 

Storage 
Tank 

T • 580'F 
P = 500 psia 

Throttling 
Valve 

T • 467' r 

P • 449 psia 
T = 460'F 

M = 209,000 lb/h 

Figure 2-4. Draw Salt Thermal Storage System 
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T • 565°F 
P • 400 psis 

Feedwater 

T • 250'F 
P • 500 psia 

M • YU5,UOO lb/h 
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2.1.3 K-Salt/Glass* 

Recognizing that draw salt, due to its comparatively high melting point, did not provide a 
large temperature differential in the storage tank, a lower melting point salt was con­
sidered. By using 50% NaN03, 35% KN03, and 15% NaN02 (by weight), a salt with a 
melting point of 390°F is produced, allowing the same storage capacity to be met with a 
smaller amount of· medium. In addition to altering the salt composition, a low-cost, 
second medium was added to reduce overall system expense. The properties of recycled 
glass, see Table 2-1, were used· in this analysis, but the general concept is simply to use 
any low-cost material that is compatible with the salt. 

As with draw salt, a feedwater heater is required in this system, but the amount of pre­
heating necessary is minimized, so the size of the preheater is decreased. The method of 
operation of this K-salt/g:lass system is similar to that of the draw salt (Fig. 2-5). The 
outlet temperature of the steam is approximately 600°F, again restricted by pinch point 
limitations. Throttling is not required, because the water may be boiled at a lower tem­
perature and .pressure. 

T=600°F 
, P=400 psia 

J 
Steam 
Superheater 
31MW, 

I T=445°F 

I 
Charging Steam M = 10,227,000 lb/t. T=630°F ti; 
T=950oF ,....---------. 630°F 1 
P =1465 psia 
M• 727,000 lb/hr.----'--'----, ,---L-...L:.:.:_,- 515,000 lb,...lh__._......, 

+ 

Charging 
Heat 
Exchanger 

190 MW, 

Com.ltmsate 
T = 454° F 

T=569°F 
P=1465 psia 

High Performance· 
Salt 

50% NaNO, 
35% KNO, 
15% NaNO, 

Melting Point - 390°F 

Cold Salt 
Circulating 
Pump 

K-Salt/ 
Glass 

Thermocline 
Storage 

Tank 

Boiler 
257 
MW, 

Steam 
Drum 

Throttle 
~~Valve 

Feedwater I Feedwater 
Heater 

1
t------r-----

T=3900F T= 250°F 
P:400psia P=247psia P=400psia 
M=1,045,0001b/h T=400°F M=905,0001b/yr 

M= 140,000 lb/h 
r----. 

Figure 2-5. K-Salt - Glass Thermal Storage System 

*This salt is similar to Hitec but has a lower concentration of_ the nitrite, reducing costs. 
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2.1.4 Two-Stage Salt Storage 

To make better use of the available temperatures in the steam and the high-temperature 
capability of the salt, two-stage salt systems have been proposed (Sandia 1977). Several 
versions of two-stage concepts were studied and are described in the following para­
graphs. 

Figure 2-6 presents a concept employing only molten salts. For the high-temperature 
portion of the cycle, draw salt is used; the heat stored in the draw salt supplies the 
energy for all of the steam superheating, and for part of the boiling. A low melting point 
salt stores the lower-temperature energy and does the preheating and the remainder of 
the boiling. 

As with the other salt systems, a feedwater heater is required to adequately raise the 
entering water temperature. The size of this heat exchanger is, however, relatively 
small due to the high temperature of the steam drawn off the existing steam line. The 
exit steam, because of the improved system performance, is raised to 750°F and has a 
higher pressure, 150 pe:in. 

T=950°F 
P=1465 psia 

T=750°F 

M=727.DOO lo/n r-----:-:-:-=-::-:-::-~T~=su~·o':!.F,-------i::"71------, 
M=2,494.000 lb/h 

P=450 psia 
M=1.034.000 lb/h 

87.6 MW1 

Draw 
Salt 
Heater 

T=593'F 

117MW1 
K-Salt · 
l-l~?~ter 

T;;S08°" 
P=1465 psia 

Draw · ~ NaN03 
Salt" 4QGb KN03 

Storage 

K-Safl"" 
Storage 

··35~ KN03 
5~NaN03 
15' N;aNOl 

Mal~ 1M nnn lhth 

T=456°F 

P=450 psia 

Figure 2-6. Two-Stage Salt System 

2.1.5 Two-Stage Salt/Glass Storage 

T-=750°F 
M-1:?9.000 lb/h 

Although the two-stage salt system improves performance, it also incu~ higher costs by 
requiring large amounts of expensive salts. To counteract this effect, a two-stage salt/ 
glass system. was developed. '!'he system operates in the same manner as the two-stage 
salt system shown in Fig. 2-6. 'rhis concept minimizes the use of salts by replacing much 
of the heat-storage capacity with a low-cost medium. Again, the properties of recycled 
glass were used to evaluate the system, although the intent is to use any appropriate, in­
expensive material. System operation is analagous to that of the two-stage salt system, 
and the outlet steam conditions remains at 750°F, 450 psia. 
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2.1.;6 . Draw Salt/Glass and Oil/Roek Storage 

Another concept considered was designed to incorporate the low-temperature capabili­
ties of oil, the low cost of rock, and the high-temperature capabilities of salt into a two­
stage storage system. As Fig. 2-7 shows, the high-temperature storage is accomplished 
using a draw salt/low-cost solid medium (recycled glass) thermocline tank, and the low­
temperature storage is an oil/rock thermocline tank. In this way, the need for any 
feedwater preheating and the resulting cost are removed by using an oil transfer fluid. 
As with the two-stage salt/glass storage, the outlet temperature of the steam in the 
salt/glass and oil/rock system is 750°F, 450 psia. 

'T'wo tank materials were considered for the high-temperature salt tank: stainless steel 
and plain carbon steel. Both tank materials are assumed to be externally insulated. The 
carbon steel is much less expensive but may not be acceptable at the conditions of stor­
age; if not, the expensive stainless steel is the appropriate choice. 

T=sso• F 
P=1465 psia 

M=727,ooo lb/h .......-------T_=_8o_o_· F-,...-----?.~-----. 

87.6 MW1 
Salt 
Heater 

T=593° F 

Oil 
Heater 
128.1 MW1 

T=463°F 
P=1465 psia 

M=2,490,000 lb/h 

M=4,630.000 lb/h 

Salt 
Glass 
Thermocline 
Tank 

T=476°F 

Oil 
Rock 
Thermocline 
Tank 

M=3,550,000 lb/h 

M=6.510,000 lb/h 

T=433°F 

T=4ss• F 

Preheater 
56.9 MW1 

Figure 2-7. Dual Boiler Salt/Glass-Oil/Rock 
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Oil 

T=7so•F 
P=450 psia 
M=905.000 lb/h 

Boiler 
1::16.3 MW1 

M=905,000 lb/h 
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P=450 psia 
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2.1.7 Phase C!lange Storage 

The final generic concept considered for thermal storage in water/steam receiver plants 
was a phase change salt storage. This system, unlike the others, utilizes the latent heat 
storage capacity of a 99% NaN03, 1% NaOH salt. This coricept is similar to that 
described by Lefrois et al. (1979), but modified to include a superheat capability and an 
active heat exchanger during charging. 

The salt in slush form (60% solids) can be pu·mped, and it is passed through a heat ex­
changer to melt during storage system charging (Fig. 2-8). Part of the resulting liquid is 
then superheated and stored to be used as the energy source for superheating the steam. 
Most of the liquid salt is returned to the slush storage tank. During discharge, liquid is 
pumped into the reflux boiler, which is shown in Fig. 2-9. Water comes into direct con­
tact with the. liquid salt at 585°F, 1600 psia, causing partial solidification of the salt and 
VRpor.jzation of the water. The steam produced then passe3 over the outside heat ex­
changer, where the system feedwater is boiled. (The Intermediate loop, involving the 
reflux boiler, is required to prevent contamination of the power cycle feedwater with 
enlt.) Steam auperheating is accornplish~ll iu H s~parate heat exchanger. 'l'he outJet 
steam conditions are 850°F, 100 psia. This concept requires charging steam at 1800 psia 
(versus the reference concept at 1465 psia). The costs associated with the higher pres­
sure receiver were assumed to be small. 'T'he performance difference is accounted for in 
the analyses. 

M = 1,812,000 lb/h 
r-oT=900°F Superheater 

60.1 MW1 

T= 850°F Superheated 
Salt 

Storage P= 1000 psis 

Charging 
Steam 
T=960°F T=9009 F 
fD " 1800 p:;la M ;; 940,000 lb/h 
M = 727,000 lb/h 

T- 595° F 

..------, T = 545° F 
Boiler ----

258.4 MW, ~-'-"""~ 

Liquid Vapor 

j 
Steam I 
Drum 

~ 
RAflux 
Boiler 

Feedwater 
905,000 lb/h '-------....,,., __ .... __ """"',_ __ T =· 250° F 

Condenser 
138.3 MW, 

m = 19,645,000 lb/h 
Salt Pump 

~p 

Slush 
Storage 

Tank 

Electric 
Motor-18.2 MW 

M = 10,500,000 lb/h '------' 

Figure 2-8. Phase Change Salt Thermal Storage System 
99% NaN03, 1% NaOH 
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Plant Steam 
Outlet 

, ·Plant 
Feedwater 

I 

~ 

Condensate 
·Return Pump . 

Water Injection 
·Manifold 

Level· 
Control 

'L. 
/ 

Slurry Return 
Line 

Shell and Tube 
Condenser 

1 

Saturated Steam 

Drive Motor 

Molten Salt Supply 

Figure 2-9. Continuous Salt Flow Reflux Boiler 
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2.1.8 Improved Phase Change Stol"Bge 

The major drawback of the phase change storage system.desc.ribed above is the parasitic 
power loss associated with the storage-to-reflux boiler salt pump. An improvement, sug­
gested by Lefrois et al. (1979), is shown in Fig. 2-1 0; the pump moves 19,645,000 lb/h and 
raises the pressure to 1600 psia. Part of this energy may be recovered by placing a tur­
bine between the reflux boiler and the slush storage tank. If such a turbine were 
developed (at 70% efficiency) approximately one-half of the power required to operate 
the salt pump could be recovered. SERI recognizes the risk in development of such a 
turbine. The purpose of including the concept in this analysis is to determine whether 
such a development would be worthwhile. 

fllant 8tcam 
Outlet 

Water Injection 
Manifold 

Shell and Tube 
Condenser 

/ 

i Saturated-Steam/ Reflux 
.,/ Boiler 

,f:" Hiyh-Prt~iillure Se~lt PLIInp 

Drive Motor 

i 

Figure 2-10. Honeywell - Pressure Recovery Turbine 
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2.2 ORGANIC FLUID RECEIVERS 

The Solar 'T'otal Energy Large-Scale Experiment at Shenandoah, Georgia, was selected as 
a reference system representative of a solar thermal system with organic fluid 
receivers. The solar collector field has 192 seven-meter diameter dish collectors. Dow 
Corning Syltherm 800 is the receiver heat transfer fluid. The collector field outlet tem­
perature is 750°F. An artist's conception of the plan is shown in Fig. 2-11 (General 
Electric Co. 1979). 

The energy collected by the dishes is used to generate steam at 700 psig, 720°F, in a 
2944-kWt boiler. Electricity is produced by expanding steam through a turbine to 110 
psig. At this point, the steam may he diverted to direct process uses, or it can be further 
expanded to produce more electricity. A process diagram of the system is shown in 
Fig. 2-12. 

Figure 2-11. Artist's Concept 
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2.2.1 Shenandoah Referenee System 

The reference thermal storage concept is a trickle charge, dual-media system. The con­
cept is as described by G.E. (1978) and is shown in Fig. 2-13. Hot oil from the collector 
field trickles over· a bed of taconite pebbles (iron ore) to charge the storage system. 
During charging, only one tank has oil trickling through it, and the flow rate is low 
enough that the tank contains only a small amount of oil. This allows the thermal energy 
to be stored in the sensible heat of the taconite, which is inexpensive, and mini- mizes 
the amount of heat transfer oil required. The system is discharged by trickling cold oil 
through the taconite pebble bed. The reference system capacity is six hours of discharge 
for a total capacity 17,700 kWht (61 MBtu). 

M=85,509 lb/h 
T=7500F . 

~=70q psig 
T=7200F 

High 
Temp 

Storage 

2944 kw· 
aoiler 

To Steam Dual Stage 
AAC/Heat 

Process Load· 

Process 
Return 

r---t Deaerator 1-----t 

T=SOOOF 
M=125,000 lb/h 

T= 3940F Heater 

P=~~o_ e~i_g 
M= 10,170 lb/h 

Return Water 

Figure 2-13. Organic Fluid Receiver Reference Thermal Storage System 

2.2.2 Trickle Charge Oil/Glass 

This alternate storage system is identical to the reference system except that the 
taconite bed is replaced with waste glass. Taconite is not locally available in some loca­
tions in the U.S. Unless a source of taconite is available close to the proposed solar plant 
site, the transportation charges can easily exceed the cost of the taconite. Waste glass 
is considered to be available in most U.S. locations and, in addition, is less expensive and 
has better thermal properties .than taconite. Although glass was employed in the study, 
any low-cost solid medium that is compatible with the oil would be a good alternative. 
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2.2.3 K-Salt Storage 

A thermal storage system that uses molten salt is shown in Fig. 2-14. The hot oil from 
the collector field heats molten salt in a tube and shell heat exchanger. The molten salt, 
as described before, is a mixture of NaN03, KN03, and NaN02 and has a melting point 
of 390°F. The hot salt is stored with the cold salt in a thermocline tank. The oil/steam 
generator has been replaced with a salt/steam generator. Pumps for circulating the 
molten salt have been added. Because of the additional heat exchanger in the system (oil 
to salt), the temperature of the steam at the turbine inlet decreased by 20°F compared 
to the reference system. The motivation for using the molten salt is that it costs much 
less than the Syltherm 800. Because the temperatures are low, the tanks are externally 
insulated, plain carbon steel. 

T -730°F 
M = 115,000 lb/h T = 700°F 

P- 700 poig 

·Charging 
Heat 

Exchanger 
4631 kW 

Salt• 
Thermal 
Storage 

Tank 

T = 518°F rvi = 183,000 lb/h 
M = 135,000 lb/h 

Discharging 
Heat 

Exchanger 
2913 kW 

T...., 394°F 
M = 10,170 lb/h 

• 50% NaNOJ 
35% KN03 
15% NaN02 
Melting Point = 390° F 

Figure 2-14. Molten Salt Storage for Organic Fluid Receivers 

2.2.4 Salt/Glass 

This thermal storage system is identical to the previous one except that a low-cost solid 
medium has replaced most of the salt in the thermocline tank (a dual-media thermocline, 
not trickle charge). This medium was again assumed to have the thermal properties of 
glass. The intent of considering this system was to determine the benefit of finding a 
low-cost material compatible with molten salt. The material could be glass, but it could 
also be a mineral or an industrial waste. 
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2.2.5 Phase Cha!lge Storage 

The phase change storage system shown in Fig. 2-15 is based on a concept developed by 
Lefrois et al. (1979). The energy required to boil the feedwater is stored by melting a 
mixture of 99% NaOH and 1% NaN03• This mixture was chosen because upon partial 
freezing it forms a slush that can be pumped. The heat required to preheat the feed­
water and superheat the steam is stored in a trickle charge oil/rock system similar to the 
baseline system. 

In the charging mode, a portion of the hot oil from the collector field flows into the 
trickle charge tank; the remainder flows into a heat exchanger that melts the salt slush. 
If steam is generated during charging, the inlet temperature to the field can vary 
between 587°F -and 414°F. 

During discharge, steam is generated in the reflux boiler, shown in Fig. 2-15. Mol ten salt 
is pumped into a pressure vessel at 1600 psia, where it comes into direct contact with 
water. The boiling temperature of the water is lower than the melting temperature of 
the salt, so that the salt freezes as the water boils. The steam then flows to another 
pressure vessel, where it condenses on the outside of heat exchanger tubes. Water on the 
inside of the tubes boils at 1000 psi as the water on the outside condenses. Steam is pro­
duced at 720°F, 700 psig, which is identical to the baseline system • 

T:750°F 

T= 587°F- 414°F 

.-------, M=10,170 P~700 psig 
Super- lb/h T g 720°F 

...-----+-r---1 Heater 

Reflux 

461.4 kW 

T~sss 

M= 17,000 lb/h 
(Oil) 

T=605 r-L-----'"-, 
Molton 

T= 615°F 

Salt 
Storage 

Pre-
T= 414°F Heater 

375 kW P=215 psig 
T=394°F 

To Steam Dual Stage 
AAC/Heat 

Proce:>:o Lui:tll 

Figure 2-15. Phase Change Storage for Shenandoah Total Energy System 
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SECTION 3.0 

THERMAL STORAGE SUBSYSTEM COST AND PERFORMANCE 

Costs were calculated for the thermal storage systems described in the previous sec­
tion. Table 3-1 Jists the cost of thermal storage systems for water/steam receivers, and 
Table 3-2 lists the cost of thermal storage systems for organic fluid receivers. Only the 
direct costs of major pieces of equipment were estimated,- and theref.ore the actual 
installed costs of these systems would be considerably higher than the costs shown.* All 
costs are in fourth-quarter 1979 money. · 

The cost estimates shown in Tables 3-1 and 3-2 are based on cost data from a variety of 
sources. These include vendor and supplier quotes, previous solar system design studies, 
and architectural engineering company estimates. As with any cost estimate of this 
type, they are uncertain. The intent of this study is to be consistent in the cost 
estimates so that one thermal storage system can be accurately compared to another. 
For example, a storage system requiring a larger volume of tankage than another will 
have a higher calculated cost, although there may be some uncertainty in the actual 
cost. In addition to consistent costing of the storage systems, consistent system design 

· parameters were used. For example, the pinch point temperature difference ( 1l T) of all 
of the boiling or condensing heat exchangers was designed to be ll°C (20°F) and the 
same type of heat exchangers were used, etc. 

Tables 3-1 and 3-2 present the major cost elements and the cost of each concept for that 
element. For each concept, the power rating is given for the conditions described in 
Section 2.0. For the reference water/steam system (oil/rock), the power output is 
70 MW .e from storage. All of the concepts have the same 1 00-MW output when 
operatmg direct. For. all of the concepts with an organic fluid receiver, lhe ratings are 
2944 kW (thermal, into the high-pressure steam turbine) both direct and through storage. 

The total cost of each. of the thermal storage systems can be broken down into power­
related and energy-related items. This classification is as follows: 

Energy Related Power Related 

• Media containment equipment • Media circulation equipment 
• Media • Discharging heat exchangers 

• Charging heat exchangers 

These cost data were employed to calculate the cost of storage at differing storage 
capacities. 

*Based on a data from Hausz et al. (1978), the install.ed costs including labor, materials, 
interests, contigencies, and indirects may be calculated as follows: 

Total Costs ($/kW) = (Cp + Cs · H)· FN, 

where FN = 1.95 for these types of applications; C = the power-related cost based on 
major equipment ($/kW); Cs = the energy-related coJl based on major equipment ($/kWh); 
and H =the qu·antity of energy storage (hours). , 
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"' Table 3-1. COMPARISON OF MAJOR COST ELEMENTS OF THERMAL STORAGE SYSTEMS FOR STEAM Ill 
WATER RECEIVHRS 

,_.. -
(3 Hours Storage at Pcwer Output from Storage) Ill! 

~=? 

Two-Stage Two--3tage Draw Salt/Glass 
Oil/Rock Draw Salt K-Salt/Glass Salt Salt/Glass Oil/Rock Phase Change 

Power Output 70 rll~ 70 MW 7!.8 MW 80.4 MW 80.4 MW 80.4 MW 74.2 MW 
from Storage 

Media Contain- $ 991,000 $ 1,061,000 $ 948,000 $ 2,063,000 $ 2,287,000 $ 2,118,000 $ 1,669,000 
ment Equipment 1,212,000a 

Media Circula- 3,03~·,0•)0 5,316,000 4,220,00( 5,922,000 5,9122,000 4,133,000 5,514,000 
tion Equipment 

Discharge Heat 2,868,0)0 1,029,000 l,D30,000 1,382,000 1,3E.2,000 1,875,000 1,006,000 
t" Exchangers -*"' 

Charging Heat 2,6816,000 1,097,000 863,000 1,332,000 1,~ 32,0•JG 2,276,000 1,121,000 
Exchangers 

Media 1,95:3,000 10,841,000 2:894,000 10,483,000 3,493,000 2,013,000 6,946,000 

TOTAL $11 ,5~;3 ,000 $19,344,00 0 $9.955,00·) $21,182,000 $14,416,000 $12,415,000 $17,256,000 
$11,509,000a 

Energy-Related 
Costs 14.0~ 56.68 17.84 52.01 23.96 17.13 38.70 
($/kWeh) 13.37a 

Power-Related 
Costs 122.70 106.31 85.14 107.40 107.40 103.03 116.45 
($/kWe) '":] 

~ 
I 

aCarbon Steel externally insulated tank. C) 
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· Table 3-2. COMPARISON OF MAJOR COST ELEMENTS OF THERMAL STORAGE SYSTEMS 

For Organic Fluid Receivers 
(6 Hours Storage at 2944 kW t> 

NaOHb 
Shenandoah Oil/Glass Salt Storage Salt/Glass Phase Change 

Media Containment $167,000 $154,000 $ 65,800 $ 66,500 $124,000 
Equipmer.t 

~ Media Circulation 169,000 169,000 286,000 286,000 195,000 
Equipment 

Discharge Heat 90,oooa 90,000a 62,700a 62,700a 71,000a 
Exchangers 

t.,;) 
Charging Heat 203,000. 203,000 83,000 

CTI Exchangers 

Media 153;000 66,000 107,000 44,000 . 220,000 

TOTAL $512,000 $441,000 $725,000 $662,000 $693,000 

Energy-Related Costs 18.12 12.40 9.89 6.32 19.47 
($/kWth) 

Power-Rel!lted Costs 57.40 57.40 177.24 177.24 88.00 
($/kWt) 

. aNot included in power-related costs. Credit given for the difference between alternate system cost and 
baseline eystem costs. 

bRequires 200 kW e to operate. 

"' Ill 
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3.1 WATER/STEAM' RECEIVER COST AND PERFORMANCE 

3.1.1 Oil/Roek Storage 

The energy- and power-related costs were first calculated for the oil/rock reference sys­
tem. The costs thus generatecl have a low energy cost and a hjgh power cost in compari­
son to the other systems considered. The media cost for oil/rock storage is quite low, as 
is the media containment cost. In comparison to salt concepts, the heat exchangers are 
rather high in cost due to the heat transfer characteristics of oil. Salts are better heat 
transfer media than oil, and heat exchanger sizes and costs are correspondingly lower for 
salt systems. · · 

3.1.2 Draw Salt Storage 

The simple draw salt storage system, as shown in 'T'able 3-1, yields the highest energy­
related cost of any system considered. This elevated cost is the result of using an expen­
sive salt as the only storage medium and the relatively low temperature 'difference 
across the storage tank. The power-relatep costs are lower than those for the oil/rock 
reference system due to the_improved heat transfer properties provided by using draw 
salt in place of oil. Also, it should be noted that because of similar outlet steam condi­
tions, the power output of the draw salt storage plant is equivalent to that of the oil/rock 
storage plant. 

3.1.3 K-8alt/Gla.ss Storage 

By incorporating the cost advantages of an inexpensive storage medium in a salt system, 
the energy cost becomes significantly lower than that for the salt-only system. The 
power-related costs in this system are lower than the previous salt system. The 
higher A'l' across the storage tank lowers the salt flow rates in the system. The lower 
melting temperature of this salt also reduces the amount of high-quality heat required to 
preheat the feedwater. The power output is slightly greater from this storage system 
than from the reference and draw salt systems as a result of the improved outlet steam 
condition. 

3.1.4 Two-Stage Salt Storage 

As. would be expected, using two-stage, salt-only storage creates a very high media cost 
and, correspondingly, a high energy cost. Also contributing to this escalated energy cost 
is the higher media containment cost, which is dictated by the use of a stainless steel 
tank for the high-temperature storage unit. 

The required areas of the heat exchangers for this system· are somewhat larger than for 
the other salt systems because of the smaller temperature differences across the heat 
exchanger. This increase in area along with an increase in pump costs produces a power­
related cost that is much higher than the K-salt/glass power cost. The pump costs are 
higher because each stage requires separate charging and discharging pumps. 

As Table 3-1 shows, the power output of this two-stage Salt system is 80.4 MW, which is 
significantly greater than the power provided by· the systems described above. This is 
due to the improved outlet steam conditions. 
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3.1.5 Two-Stage Salt/Glass Storage 

As before, the purpose of considering a dual-media salt system is to minimize cost, par­
ticularly by decreasing media cost. Altering the two-stage salt system to a two-stage 
salt/glass system accomplishes the media cost reduction, and involves only a minor in­
crease in media containment costs. The resulting energy-related cost is reduced from 
the two-stage salt system. The power-related costs and the power output of this system 
are equal to those of the two-stage salt system. 

3.1.6 Draw Salt/Glass, 08/Roek Storage 

Converting the low-temperature storage from K-salt/glass to oil/rock further reduced 
the media cost, and yielded one of the lowest energy-related costs. Also, as noted in 
Table 3-1, the energy cost drops to the lowest value calculated, provided that the high­
temperature media containment tank need not be stainless steel. Instead, an externally 
insulated carbon steel structure is used~ Additional work is needed to determine the ap­
propriate tank, but was beyond the scope of this study. 

The power available from the system is 80.4 MW, based on outlet steam conditions. The 
power-related costs are similar to those of other salt systems, although the heat ex­
changer costs are somewhat higher and the circulation costs lower than the two-stage 
salt concepts. 'T'hese differences in costs are due to the use of oil as a working fluid; the 
oil/steam heat exchangers must be larger because of the heat transfer characteristics of 
oil, but the oil pumps are smaller because of the higher heat capacity of on. 

3.1. 7 Phase Change Storage 

Estimating the costs of phase change storage components suggests that both the energy­
and power-related costs associated with the system are comparatively high. The media 
cost is high, beeause 40% more salt must be used to maintain a maximum 60% solid 
slush. The other primary cost driver is the media circulation equipment, since the salt 
pumps required for this system must circulate and pressurize a very large volume of 
salt. The gross power output of the phase change system is about 92 MW, but the 
parasitic power losses associated with the system, particularly the reflux boiler salt 
pump, r€!r:'!ttt.!€! the output to 74 MW. 

3.1.8 Improved Phase Change 

The improved phase change system is very similar to the previous concept. The signifi-
cant differences are: · 

• an assumed (but not identified) reduction in the power-related costs of $21/kW e; 
and , 

• increasing the the net electrical output to 81 MW e from storage with a reflux 
boiler salt pressure recovery turbine. . 

How these improvements might be obtained was not determined. This analysis is being 
conducted to determine if such an R&D project would be worthwhile. 
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3.2 COST AND PERFORMANCE OP THERMAL STOR.AGE FOR ORGANIC FLUID 

3.2.1 Shenandoah Referenee System 

The cost estimate for the trickle charge of the rock thermal storage system in the 
Shenandoah reference system is shown in Table 3-2. The cost estimate for the media cir­
culation equipment is from a General Electric internal memo. The discharge heat ex­
changers (steam generators) were not included in the cost estimate, because they would 
be required in the system if it had no storage. There are no charging heat exchangers in 
this system, because the thermal storage fluid is heated in the collector field. 

3.2.2 Oil/Glass Trickle Charge 

Replacing the taconite with a waste glass in this system reduces both the media and 
media-containment costs. The containment costs decrease because the glass has a high 
volumetric heat capacity. The cost of the waste glass was assumed to be $10 per ton 
delivered to the site. 

3.2.3 K-8alt Storage 

The molten salt in this system substantially reduces the energy-related costs compared 
to the reference system. However, because the salt has a lower heat capacity than the 
oil in the reference system, the media circulation equipment costs are higher. The dis­
charge heat exchangers are smaller in this system, because the salt has a higher thermal 
conductivity than the oil. This system is given credit for this cost reduction. The oil-to­
salt heat exchanger significantly adds to the power-related cost of this system. 

3.2.4 Salt/Low-Cost Media Storage 

The energy cost of the previous system was reduced further by replacing most of the 
molten salt in the storage tank with a low-cost material similar to waste glass. The cost 
of this material was also assumed to be $10 per ton delivered to the site. 

3.2.5 Phase Change Storage 
,• 

This system has the highest energy-related costs of any of the. alternate thermal storage 
concepts. This is partly due to the assumed incomplete freezing (60%) of the salt, which 
is required to allow it to be pumped. The charging heat exchanger costs are lower in this 
system than in the salt storage systems due to the lower heat rate (only the heat required 
for boiling is stored in the phase change salt) and a higher temperature difference in the -­
heat exchanger. The parasitic electric power required to operate this system is large, 
200 kW e' compared to the plant electrical output, 400 kW e· 
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SEC'I10N 4.0 

R.MIKDIG OF THERMAL STORAGE CONCEPTS 

The thermal storage concepts are ranked according to their impact on the solar thermal 
system delivered-energy unit cost. In Section 4.1, the method of ranking the concepts is 
briefly described. In Section 4.2, the results of the analyses are presented for a 
water/steam collector/receiver; and in Section 4.3, the results are presented for the 
organic fluid collector/receiver. · 

4.1 THE R.MIKDIG INDEX 

The ranking of the concepts is based on the unit energy cost from the storage-coupled 
~lar thermal plant. An identical (normalized) ranking is achieved if that cost is divided 
by the cost of the first-generation reference system. The ratio i$ defined as the ranking 
index (RI): . 

RI= 

[Cost of Alternative (AR 
[Quantity of Energy (A)j 
[cost of Reference (R) J 
[Quantity of Energy (R)j 

where A denotes the alternate concepts and R the reference system. A method for 
evaluating the ranking index has been derived (Copeland 1980); methods suitable for 
stand-alone electric power plants and cogeneration have also been prepared. 

Note·that a ranking inoex less than unity indicates a reduction in the unit energy cost of 
the system. The percent change in unit cost is simply RI minus one multiplied by 100. A 
negative percent change in the unit energy cost is the desired cost reduction. 

Costs in the above equation are the sum of all the individual costs, including: 

• equipment 
· solar collector 
therm~l stqr~e 
conversion equipment 
land · 
etc. 

• installation 

• nondirects 
contingency and spares 
inqirects 
interest during construction 

• operation and maintenance (O&M) 

• backup energy (fuel and/or· electricity). 
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Where costs are annually occurring (O&M, fuel), they are levelized in accordance with a 
procedure given in the EPRI Technical Assessment Guide (1979). 

The ranking is done in a way that eliminates the influence of all parameters except the 
thermal storage concepts. The following constraints are applied to the analysis of the 
thermal storage concepts, A and R: 

• The collector/receiver fields are the same size, and the nameplate ratings on the 
plant are also the same. 

• The plants are at the same location. 

• The plants are being dispatched in the same manner. 

• The same energy conversion system is employed (but the thermorlynamic static 
points nf the working- fluid may differ). 

• The plants hRVP. the same ca~;>acities to receive, store, a.nd deliver thermal 
1
energy. (The electrical ratings from storage may differ.) 

The costs are evaluated using exactly the same costs for the cqllector field conversion 
equipment, etc., except as these items are affected by the alternative thermal storage 
concept. Since the remaining system costs are the same for all concepts, the effect of 
any uncertainties in the common equipment cost is minimized. Similarly, the 
performance items are analyzed and the concepts are ranked when performing the same 
mission. The thermal storage concepts are not required to deliver the same quantity of 
usable energy (heat, electricity, or both). In general, the quantities of energy delivered 
are different due to variations in the efficiencies (i.e., performance) of the thermal 
storage concepts. The ranking index focuses on the differences due to the thermal 
storage concepts. 

4.2 RESULTS FOR WATER/STEAM COLLECTOR/RECEIVER 

4.2.1 Cost Data for Water/Steam 

In this section, the results of the cost calculations for water/steam collector/receiver 
systems are presented. The cost of each concept is taken from Section 3.0, which 
presented the data on a cost per kWe,and per kWh • Table 4-1 presents the same data 
for both an electric and thermal basis. The only difference in the two data bases is the 
cycle efficiency when operating through storage. The concepts were analyzed when each 
has the same thermal discharge rating. 

4.2.2 Performanee Data for Water/Steam 

The ranking index provides the relationship of cost and performance (efficiency). Three 
efficiencies of the thermal storage subsystem are required for the analysis (Copeland 
1980): 

• First law (heat losses through insulation; heat to heat); 

• Power-cycle conversion efficiency (heat to work); and 

• Collector/receiver (insolation to heat). 
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Table 4-1. PRELIMINARY COST DATA FOR STORAGE WITH WATER/STEAM RECEIVERS 

Total Costsc ($/kWe) = (Cp + Cs•H)•FN 

Power-Related Costs Energy-Related Costs 
cP cs 

Concept ($/kW e> ($/kWt) ($/kWhe) ($/kWht) Com merits 

Oil/Rock 122 30.3 14 3.5 Reference system 
Draw Salt8 106 26.3 57 14.0 Thermocline, salt only 
K-Salt/Glassb 85 21.2 18 4.4 Recycled glass or other 

low-cost media 

Two Stage: Draw Salt 
w and K-8alt 107 27.9 52 14.5 K-8alt melts at 390°F ...... 

Phase Change NaN03 116 27.4 39 9.0 Throttling 
Improved Phase Change 95 24.3 35 9.0 Pressure recovery and 

cost reduction, NaN03 

Two Stage: Draw Salt/ 
Glass and K -salt/Glass 107 27.9 24 6.2 

Two Stage: Draw Salt/ 
Glass and Oil/Rock 103 26.7 17 4.45 Stainless steel tank 

(13) (3.5) (Carbon steel tank) 

aDraw Salt: 50% NaN03, 50% K~03. 

bK-Salt: E,O% NaN03; 35% KN03; 15% NaN02• 

cFN accounts for labor and non?irects; based on Haus~ et al. (1978) data, FN = 1.95 in this approach. 

' .,.. 
Ill 
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Each efficiency is evaluated [using the procedures of Copeland (1980) and the concepts 
and data of Section 2.0] for each concept and is divided by the same efficiency item for 
the reference concept. The three ratios are multiplied together to yield a product. That 
product is presented in Table 4-2. The process is repeated for the same efficiency 
factors when operating direct (i.e., not through thermal storage). For all the concepts 
studied, the storage and the power plant are totally decoupled when operating direct; for 
this condition, the product of the ratios is obviously one (unchanged). When operating 
through storage, there were minor variations due to the first law and collector/receiver 
performance. The biggest changes in efficiency were due to improvements in the power­
cycle operating conditions. 

Table 4-2. PREUMINARY PERFORMAifCE DATA FOR CONCEPTS WITH 
WATER/STEAM RECEIVERS 

Product of Product of 
Efficiency Efficiency 

Ratia;, Ratia;, 
Concept Storage Direct Comments 

Oil/Rock 1.0 1.0 Reference 

Draw Salta 1.0 1.0 Salt only 
in thermocline 

K-Salt/Glassb 1.0 1.0 Low-cost recycled 
glass in thermocline 

Two Stage: Draw Salt 
and K-8alt 1.07 1.0 Salts only in two 

thermocline tanlm 

Phase Change NaN03 1.092 1.0 Throttling 

Two Stage: Draw Salt/ 1.07 1.0 Low-cost media 
Glass ~no K-Salt/Glass in twn tht;>rrntX"line 

t.Ankg 

Two Stage: Draw Salt/ 1.07 1.0 
Glass and Oil/Rock 

Improved Phase Change 1.191 1.0 Pressure recovery and 
· capital cost reductions 

aDraw Salt: 50% NaN03, 50% KN03• 

bK-Salt: 50% NaN03, 35% KN03, 15% NaN02• 
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4.2.3 Plant Cost Breakdown 

Figure 4-1 presents the cost breakdown of the Barstow technology reference system.* 
The nameplate rating for this plant is 100-MW direct and 70 MW e from storage frfi 
three hours {i.e., 210 MWh.e from storage). An costs were calcUlated for an n 
.commercial plant. The DuE cost goals were employed for the heliostats and the 
receiver/tower. The power plant costs were that of conventional steam generation 
equipment. The balance of plant costs include land, controls, buildings, etc. Operations 
and maintenance {O&M) costs were levelized over a 30-year period and then capitalized 
using fixed charge rates typical of investor-owned utilities {EPRI 1979). The thermal 
storage costs represent only 6. 796 of the system costs. The goal of the program is to 
reduce the thermal storage subsystem cost by more than 2496; that goal is equivalent to a 
reduction in the busbar energy cost {BBEC) of 1.696 or more at these conditions. 

Receiver 
and Tower 

(20%). 

Power Plant 
(11 %) 

Heliostats 
(49.2%) 

Balance of 
Plant 

(5.6%) 
Operations and 

Maintenance 
(7.5%) ' 

Thermal Storage 
(6.7%) 

Figure 4-1. Cost Breakdown of Reference Water/Steam Collector/Receiver 
-(Barstow Technology 100 MWe/70 MWe 1.0 km 2 Collector Area and 3 Hours 

or Tlltmnal Storage) 

*A similar distribution for slightly different conditions is given in Sandia {1977). 
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4.2.4 Appropriate Storage and Colleetor Area Combinations 

The analysis seeks to identify promising thermal storage concepts for solar thermal 
applications. The number of combinations of storage capacity and field size is large 
merely for electric power applications. The actual design conditions for a given site and 
application must be specified by the individual user. Due to differences in insolation, 
load profiles, and desired mission, varied combinations of storage and collector areas are 
anticipated for the many users. Analyses (Melton 1978) have been conducted and have 
verified this variation; however, the same studies also indicate that there are appropriate 
ranges for large electric utilities. (Clearly, a small collector area with a relatively large 
quantity of storage is not appropriate.) Table 4-3 presents the appropriate range of 
storage capacities for each of three collector areas. These data (Melton 1978) are for a 
stand-alone Barstow technology plant, which is the refere~ce system in these studies. 
The best conditions occur with a collector area of 1.0 km • Three hours of storage is 
about the best overall design condition, or nomjnal, at that collector area (for the sites 
and utilities studied). 

Table 4-3. APPROPRIATE AREA ABD STORAGE CAPACITY 
COMBDIATIONSa 

Area Storage Capacity Comments 

0.5 km 2 about 1 Hour Buffer only 

1.0 km2 2-5 Hours Depe~s on location and time 
frame 

1.5km2 5-9 Hours Depends on location and time 
frame 

a For a 100-MW ef70-MW e solar thermal plant with Barstow 
Technology. 

bThe most cost-effective conditions occur at this collector area. 

The insolation patterns, and the load profile of a user vary geographically and impact 
"dispatch strategy." Dispatch strategy determines the relative use of storage, i.e., the 
quantities of energy delivered through storage and direct (not through storage). User 
differences prevent any one strategy of storage use from being optimum. Again, there 
are only ranges about a nominal, based on the expected needs of many users. 

4.2.5 Comparison of Coneepts 

The rankings of concepts based upon busbar energy cost are presented in this section. 
The rankings were conducted for the range of thermal storage capacities at three 
collector areas. Two dispatch strategies were also investigated. One is designed to meet 
an evening peak load; that strategy is identified as ''high storage use." The other 
strategy is oriented toward generating power in daylight hours and storing the excess 
thermal energy (beyond the turbine nameplate usage rate); that strategy is identified as 
''low storage use." 
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Comparison with 0.5-km2 Collector Area 

Figure 4-2 presents the percent change in busbar ~nergy costs of a solar thermal system 
with various thermal storage concepts, a 0.5-km collector area, and low storage use. 
For the nominal storage capacity, the concepts rank as follows: 

0.5-kM2 Collector Area 

Reduction in BBEC 
Concept of the System 

K-salt/Glass 3% 

Two-Stage 1.8% 
Draw Salt/Glass 
and Oil/Rock 

Two-stage ·1.2% 
Draw Salt/Glass 
and K-8alt/Glass 

Improved Phase · 1% 
Change NaN03 

Oil/Rock (Reference) 0% 

Equivalent Improvement in 
Thermal Storage Costs 

25% 

12% 

8% 

6% 

0% 

The remaining concepts did not offer an improvement. Of the above, only one concept, 
the K-salt/glass, had the potential of meeting the program golJ.l of greater than 20% 
improvement in thermal storage subsystem cost. 

Nominal Storage tor This Area 

15 ,---~f-----.---, 

Storage Capacity 
Hours, Thermal 

h 

Two-Stage 
Draw Salt and K-Salt 

// 
/__• 

~~Draw Salt 

Figure 4-2. Comparison o~_ ~oncepts at 0.5 km2 Collector Area 
Low Storage Use 
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Comparison with l.D-km2 Colleetor Area 

Figure 4-3 presents the percent change in b~sbar energy of a solar thermal system with 
various thermal storage concepts, a 1.0-km collector area, and high storage use. For 
the nominal storage capacity (three hours), the concepts rank as follows: 

l.D-km2 Colleetor Area 

Reduction in BBEC Equivalent Improvement in 
Thermal Storage Costs Concept of the System 

Two-Stage 1.5 to 2.0% 
Ora w Salt/Glass 
Oil/Rock 

K-8alt/Glass 1.2% 

Improved Phase 1.1% 
Change N~:tN03 

Two-stage 0% 
Draw Salt/Glass 
and K-Balt/G1ass 

Oil/Rock (Reference) 0% 

22 to 30% 

16% 
15% 

0% 

0% 

The remaining concepts did not offer an improvement. Of the above, only the two-stage, 
draw salt/glass, and oil/rock concept has the potential of meeting the program goal. 

Nominal Storage Capacity 
at This Area 

15 ...---......-~-.-----, 

(.) Q) 10 ._--+---+----f/ 
w '-' 
al ; 
al ~ 
.~ '; 
Q)a: 
~~ 5...._--+-~~r----~ 
t'O 0 

6~ 
<!!Q. 

Alternative ~-~--~-~ 
Is Lower -5o 2 4 

Cost Storage Capacity 
Hours. Thermal 

Draw Salt· 

Two-Stage 
/"Draw Salt and K-Salt 

NaNOo 
Phase Change 

-~-- (Throttling) 
-- Two-Stage 

. Draw Salt/Glass 
and K-Salt/Giass Improved 

Ph!isli! Ch!inQe, 
NaNOo 

----Two-Stage Draw Salt/Glass 
and Oil/Rock S:S Tank 

Two-Stage Draw Salt/Glass · 
and Oil/Rock Carbon Steel Tanks 

Figure 4-3. Comparison of Concepts at 1.0 km2 Collector Area 
High Storage Use 
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Comparison with 1.5-km2 Colleetor Area 

Figure 4-4 presents the percent change W busbar energy costs of a solar thermal system 
with varying thermal storage, a 1.5-km collector area, and high storage use. For the 
nominal storage capacity, the concepts rank as follows: • 

l.Hm2 Colleetor Area 

Reduction in BBEC 
·concept· of the System 

\ 

Two-Stage 1.5 to 2.0% 
Draw Salt/Glass 
Oil/Rock 

K-Balt 0.7% 

Improved Phase 0.4% 
Change NaN03 

Oil/Rock (Reference) 0% 

Equivalent Improvement in 
Thermal Storage Costs 

16 to 21% 

7% 

4% 

0% 

· The remaining concepts did not offer an improvement. As before, only the two-stage 
draw salt/glass and oil/rock concept comes close to meeting the program goal. 

l' 

Nominal Storage Capacity 
at This Area 

Alternative 
Is 

Lower 
Cost 

-s4~--~6~--~9----~10----~12" 

Storage Capacity, 
· Hours, Thermal 

Two-Stage Draw Salt/Glass 
and Oil/Rock· Carbon Steel Tanks 

Figure 4-4. . Comparison of Concepts at 1.5 km2 Collector Area 
and High Storage Use 
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Comparison with a ±20% Cost Variation in the Thermal Storage Subsystem 

As pre~iously noted, the best cost/benefit condition occurs with a collector area of 
1.0 km and about three hours of storage. The effect of ±20% variation in the cost of 
the thermal storage· subsystem has been analyzed for that condition. The objective of 
this analysis is to test the results of the previous cost analyses, recognizing that there is 
uncertainty in the projected costs of all of the concepts. Figure 4-5 presents the 
results. The data for L (low) and H (high) are the effect of dispatch strategy on the 
analysis. When the efficiency of a concept is the same as the reference system, the 
dispatch system does not affect the results. When there is a difference, the results 
depend upon whether there is (or is not) an improvement in plant performance. The top 
and bottom of each bar is the percent change in BBEC for that concept at the 20% 
increase and 20% decrease in subsystem costs, respectively. 

Three concepts clearly stand out as undesirable: 

• Draw Salt 
• Two-stage Salt, Uraw-8alt and K-Salt 

• . NaN03 Phase Change-(Throttling). 

Only at the lowest cost of the above and the highest cost of the reference oil/rock 
syste~ is there any advantage for those concepts, and even then the difference is not 
significant. · 

Three other concepts are approximately equivalent to the reference system: 

• Improved NaN03 Phase Change 

• Two-Stage, Draw Salt/Glass and K-Salt/Glass 

• Two-stage, Draw Salt/Glass and Oil/Rock with Stainless Steel Salt Tank. 

The. range of uncertainty is sufficiently large that any of the above may prove to be 
lower or higher in cost than the reference system. 

Two concepts appear to have a distinct advantage: 

• K-Salt/Glass 

• Two-Stage, Draw Salt/Glass and Oil/Rock with Carbon Steel Salt Tank. 

At the extreme cost estimates, these concepts could be as much as a 5% reduction or a 
2% increase in BBEC. 

This analysis has indicated the effect of a cost uncertainty on the results of the 
rankings. The range of ±20% cost variation in the thermal storage subsystem is 
arbitrary; the true level of uncertainty may be much greater. Indeed, some of the 
concepts may not even be viable at any cost. Parallel developments of concepts is 
clearly a· good way to minimize the impact of such risks if program resources are 
adequate. · 
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4.3 RESULTS FOR ORGANIC FLUID COLLECTOR/RECEIVER 

4.3.1 Cost Data for Organic Fluid 

In this section, the results of the cost calculation for organic fluid collector/receiver 
systems are presented. The cost of each concept is taken from Section 3.0, Table 3-2. 

4.3.2 Performance Data for Organic Fluid 

The ranking index provides the relationship of cost and performance (efficiency). The 
concepts are being studied for use in a cogeneration system delivering electrical power 
and process heat. The analysis is performed under the condition that the same quantity 
of energy of each kind is used regardless of the thermal storage performance. The 
differences in efficiency for an alternative thermal storage concept are accounted as an 
increase (or decrease) in the quantity of purchased electricity and/or fuel (for process 
heat). The cost of these energy supplies, levelizing procedures, fixed charge rates, and 
the remaining economic parameters were taken from G.E. (1978). The data for that 
specific industry at the Shenandoah location are assumed to be fairly representative of 
the &>lar thermal cogeneration system user. 

meetrical Power Performance Data 

The analysis is similar to the one developed in Section 4.2.2. Three efficiencies of the 
thermal storage subsystem are required: · 

• First law (heat losses through insulation, etc; heat to heat); 

• Second law (power-cycle conversion efficiency; heat to work); and 

• Collector/receiver (insolation to heat). 

Each efficiency is evaluated for each concept and divided by the same efficiency item 
for the reference concept. The three ratios are multiplied together for a single 
product. That product is presented in Table 4-4. The process is repeated for the same 
efficiency factors when operating direct (i.e., not through thermal storage). 

For all of the concepts studied, the system always operates through storage, and thus the 
efficiency product through storage and direct are equal. When operating through storage 
all the time, the plant performance is not affected by the dispatch strategy. The 
rankings of the concepts are therefore not affected by the way the plant is used (or 
where it is located). The results, which are presented later in Section 4.3.4, are valid for 
all storage-use strategies. 
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Table 4-4. PBRFORMUCE DATA FOR CONCEPTS WITH ORGANIC 
FLUID RECEIVER 

Product of Product of 
Efficiency Efficiency 

Ratios, Ratios, 
Concept Storage Direct Comments 

Trickle Charge 1.0 1.0 Reference 
Syltherm Taconite 

Trickle Charge 1.0 1.0 Media charge only 
Syl therm/Glass 

Phase Change NaOH 0.5 0.5 1/2 of power required in 
additional parasitics 

Mol ten Salt (K -Salt) 0.965 0.965 Cycle and parasitics 

K-Salt/Glass 0.965 0.965 Cycle and parasitics 

aDraw Salt: 50% NaN03, 50% KN03. 

bK-Salt: 50% NaN03, 35% KN03, 15% NaN02• 

Proeess Heat Performance D8.ta 

The cogeneration system delivers process hea·t (and heat for building heating and 
absorption air conditioning) using extr~ction steam from . the turbine. The steam 
conditions and flow rates delivered to the turbine for all of the concepts considered are 
almost identicaL The performance factors for delivering low-temperature thermal 
energy were assumed to be equal. Also assumed equal were the quantities of process and 
building heat delivered by all of the thermal storage concepts; i.e., the amount of 
purchased fuel was equal for all concepts. 

4.3.3 PJ.ant Cost Breakdown 

Figure 4-6 presents the cost breakdown of the ~~enandoah reference system employed in 
the ranking. All costs were calculated for ann commercial plant. The DOE cost goals 
were used for the solar collectors. Electric power plant costs were taken for the 
Shenandoah design (G.E. 1978). Levelized costing was employed for the purchased fuel 
and electricity with rates as reported for the Shenandoah facility. O&M was also 
levelized over a 20-year plant life. The thermal storage is the reference trickle charge 
thermal storage. The energy plant includes field piping, heat exchanger to the steam 
system, low-temperature storage, valves, lines, cooling towers, and air conditioning 
equipment. All of these cost data were capitalized using the economic data reported for 
Shenandoah (G.E. 1978). · 
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Solar 
GniiAr.tnrs 

(14.2%) 

Electric 
Power Plant 

(18.1%) 

Energy Plant 
(37.0%) 

Purchased Electricity (3.6%) 

... Operations and Maintenance 
./ . (6.5%) 

Thermal Storage 
(19.2%) 

Figure 4-6. Cost 13reakdown for Reference Organic Fluid Collector Receiver 

(For 192 Dishes. 10. Hours of Thermal Storage, Shenandoah Technology) 

The data in Fig. 4-6 illustrate that the thermal storage represents 19% of the total 
energy syslt:!m costs. The goal3 of the program are tn recfuce the therm{J.l storage 
subsystem cost hy more than 20%. Because of the small contribution of thermal storage 
to the total cost, this goal is equivalent to a 4% reduction in th_e system cost. 

4.3.4 Comparison of Coneepts . 

The rankings of the thermal storage systems based on the energy- system cost are 
presented in this section. The rankings were conducted for the design collector field 
area but with variable quantities of thermal storage. There is no effect of dispatch 
strategy on the rankings, because the concepts always operate through thermal storage. 
The effect of cost uncertainties is also analyzed. · 
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Comparison with Variable Quantity of Storage 

Figure 4-7 presents the percent change in energy cost of a solar thermal/cogeneration 
system for the thermal storage concepts previously described. For the design conditions 
in Shenandoah, the concepts rank as follows: 

Reduction in BBEC 
Concept of the System 

Trickle Charge 5.2% 
Syltherm/Glass 

K -salt/Glass 0% 

Trickle Charge 0% 
Syltherm/Taconite 

Equivalent Improvement in 
Thermal Storage Costs 

27% 

0% 

0% 

The remaining concepts did not offer improvement. Of the above, only finding a lower­
cost medium {such as recycled glass) has the potential of meeting the program goals. 

VI 
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~ -5 +--'\,.-f--_..:_--_-________ ....:...:::.-~=---------t· K-Salt/Giass 
(..) 

-10 

Thermal Capacity (kWhtlkW1) 

Trickle Ch.arge 
Syltherm/Giass 

Figure 4-7. Comparison of Thermal Storage Concepts. Shenandoah Design 192, 
7--Meter Dishes-10 Hours at 10 MBtu/h (2944 kWht) Trickle Charge 
Syltherm/Taconite Reference System 
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Comparison with ±20% Variation in the Thermal Storage S~em Cost 

The design conditions for Shenandoah are for 192 dishes with 10 hours of storage. Under 
those conditions, the effect of a ±2096 variation in the thermal storage subsystem cost 
was analyzed. The objective was to test the results of the previous cost analysis, 
recognizing that there is uncertainty in the costs of the thermal storage concepts. 
Figure 4-8 presents the data. The top and bottom of each bar is the percent change in 
energy cost for that concept with a ±2096 cost variation. 

Two concepts stand out as clearly undesirable: phase change and K-salt. The 
K-salt/glass concept is not noticeably better or worse than the reference system. The 
trickle charge Syltherm/glass concept offers a clear advantage over the reference 
system. 
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Figure 4-8. Comparison of Concepts with ±20% Variation in 
Thermal Storage Subsystem Cost 
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SEC'ItON 5.0 

CONCLUSIONS AJID RECOMMENDATIONS 

5.1 CONCLUSIONS 

This study has analyzed a range of thermal storage concepts for two types of solar 
thermal collector/receiver system. Based on the data presented here, the following 
conclusions are reached: 

Concepts with the Potential of Meeting Program Goals 

• Water/Steam Collector/Receiver. 
K-Salt/Glass (Buffer Storage Applications) 

- Two Stage: Draw Salt/Glass and Oil/Rock 
(Diurnal Storage Applications) 

• Organic Fluid Collector/Receiver 
- Trickle Charge Syltherm/Glass 

Concepts That Would Increase the Energy System Costs 

• Water/Steam Collector/Receiver 
Draw Salt 
Two-Stage Draw Salt and K-8alt 
NaN03 Phase Change, Throttling 

• Organic Fluid Collector/Receiver 
NaOH, Phase Change 
K-8alt -

Concepts with Little or No Advantage or Penalty 

• Water/Steam Collector/Receiver 
Impruveu Pltl:tse Chl:tnge, NaN03 . 
Two-Stage Draw Salt/Glass and K-8alt/Glass 

• Organic Fluid Collector/Receiver 
K-8alt/Glass 

.. 

These conclusions are based solely on the concepts as described in this report. The above 
conclusions apply to other concepts only to the extent that they are representable by one 
of the analyzed concepts. Although one phase.· change concept was analyzed, the 
conclusions do not necessarily apply to other l~tent heat concepts. · 

The readers are cautioned that SERI made no judgment on the feasibility of any 
concept. Each concept was analyzed basically as described by the developer*; some of 

*Although some modifications were made, the changes should not significantly influence 
the cost and performance data. 
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the features of the concept are yet to be proven feasible. The analysis has ~aken the fol­
lowing viewpoint: 

"Assuming that all development efforts are successful, which concepts 
offer the highest potential?" 

The analyses of costs and performance were done on a consistent basis. The same cost 
data base and scaling algorithms were applied to all concepts. The rankings were done in 
a way that would isolate the effects due to each concept. The analysis was conducted 
over a range of storage capacities and collector field sizes. The effects on the 
conclusions of a cost uncertainty were also analyzed. 

5.2 OBSERVA'DONS 

The following observations are ~ based on analyses but are an extrapolation of the 
data: 

Water/Steam Collector Systems 

• A replacement of the Caloria with a synthetic oil is not expected to offer either 
an improvement or a penalty; the reason· is that a higher performance is 
accompanied by a much higher cost for the oil. 

• Second-generation water/steam receivers may alter the conclusions. The higher 
temperature/pressure reheat receivers provide more energy ·at high 
temperatures, which can be stored effectively in the salt systems. This condition 
reduces the cost and improves the performance of the salt storage concepts. 
Because of its maximum temperature limit, the oil/rock system cannot be 
improved for second-generation water/steam receivers. 

• The improved NaN03 phase change. system, as described herein, is one of the 
lowest cost latent heat systems compatible with a water/steam receiver system. 

• Rocks are cheaper than chemicals. Whenever such materials can be used in a 
thermocline system, they will be more cost effective than a concept based solely 
upon refined or manufactured chemicals. 

Organic Fluid Receiver Systems 

• The NaOH phase change system uses the same approach as the NaN03 concepts 
in the water steam collector/receiver. SERI selected this system to minimize 

, the analysis effort. The choice appears to be unfortunate. The high parasitic 
power losses impose very significant efficiency penalties. 'fhis fad becuu1es 
evident as a result of the analysis and was not anticipated a priori. 

• Other phase change systems (sue~ as Cohen et al. 1978) do not have the high 
parasitic losses, and the conclusion of this study should not be extrapolated to 
those other systems. The fact that other phase change systems nrc different 
does not necessarily mean that they are better (or worse) than the one analyzed. 

• The high cost of the taconite is due to the transportation charges and the cost of 
the medium. The availability of a lower cost, locally available, compatible solid 
medium is key to the reduction of the cost of the trickle charge concept. 
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• Salt systems suffer a higher power-related cost due to the presence of an extra 
heat exchanger with an organic fluid collector/receiver system. 

• A thermocline (not trickle charge) would be much higher cost than the 
Shenandoah system due to the high cost of the Syltherm. 

5.3 RECOMMENDA'ftONS 

Thermal Storage for Water/Steam Collector Receiver 

• Research and development is recommended to find low-cost solid sensible heat 
media (on the order of $10 to $20 per ton, delivered) that are compatible with 
salts. Candidate materials include: 

Rocks 
Recycled glass . . . 
Slag from coal-fired plants, steel·mil.lS, chemical plants, etc. 

• If a low-cost solid medium is not found that is compatible with a 8alt(s), none of 
the concepts as defined herein offer the potential of meeting program goals. 
Development of one of those concepts is recommended only as a backup to 
minimize the risks inherent in any R&D program. 

• Continuing, expanded development effort on the oil/rock system is 
recommended. 

• Continued research in latent heat concepts is recommended. Such research 
should be directed to a simultaneous improvement in the power-related costs and 
parasitic power. The potential to reduce the energy-related costs should also be 
assessed. 

Thermal Storage for Organic Fluid Collector/Receivers 

• The reference thermal storage system Syltherm/taconite trickle charge is a good 
concept and continued development is recommended. 

• Research and development is recommended on fluid compatibility for low-cost 
solid sensible heat media (rocks, recycled glass, slag, etc.). 

• Development of a molten salt/low-cost medium concept is recommended as a 
backup to the Shenandoah thermal storage conc.ept. 

• Research is recommended to improve the latent heat concept with breakthroughs 
needed in power-related cost, parasitic power, and storage media costs. 

• Additional cost and performance studies on other phase change concepts are 
recommended before any large-scale system development efforts begin on any 
latent heat system for this application. 
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