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ABSTRACT

A major challenge facing the development of distributed receiver solar
systems is the efficient transport of high-temperature thermal energy from
the collectors to the point of use. As recelver temperatures increase,
conventional sensible energy transport methods become less attractive
because of increased heat losses and insulation costs. A promising
alternative that is particularly attractive for the high tempeératures
characteristic of paraboloidal dishes and the extensive piping associated
with large collector fields is the concept of thermochemical energy
transport. Estimates of the performance and economics of four sensible and
two thermochemical transport systems for a dish collector field are
compared at four delivery temperatures ranging from 400 to 815°C. The
sensible working fluids are Syltherm 800, NaK, Li-Na-K carbonate salt
eutectic, and steam. The thermochemical systems are carbon dioxide
reforming of methane and dissociation of sulfur trioxide. On the basis of
levelized energy cost, there is no clear choice between sensible and
thermochemical energy transport at 400°C. At higher output temperatures,
thermochemical transport is more cost-effective and 1s the only viable
choice at temperatures above ~700°C. The thermochemical system based on
the carbon-dioxide reforming of methane has the best performance and lowest
costs at temperatures >400°C and appears closest to meeting the DOE Solar
Thermal Technology Program long-term IPH goal of 3 ¢/kWh, (9 $/MBtu,,) LEC.
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SOLAR THERMAL TECHNOLOGY
FOREWORD

The research and development described in this document was conducted
within the U. S. Department of Energy's (DOE) Solar Thermal Technology
Program. The goal of the Solar Thermal Technology Program is to advance the
engineering and scientific understanding of solar thermal technology, and
to establish the technology base from which private industry can develop
solar thermal power production options for introduction into the
competitive energy market. '

Solar thermal technology concentrates solar radiation by means of
tracking mirrors or lenses onto a receiver where the solar energy is
absorbed as heat and converted Into electricity or incorporated into
products as process heat. The two primary solar thermal technologies,
central receivers and distributed receivers, employ various point and line-
focus optics to concentrate sunlight. Current central receiver systems use
fields of heliostats (two-axis tracking mirrors) to focus the sun's radiant
energy onto a single tower-mounted receiver. Parabelic dishes up to 17
meters in diameter track the sun in two axes and use mirrors to focus
radiant energy onto a receiver. Troughs and bowls are line-focus tracking
reflectors that concentrate sunlight onto receiver tubes along their focal
lines. Concentrating collector modules can be used alone or in a
multimodule system. The concentrated radiant energy absorbed by the solar
thermal receiver is transported to the conversion process by a circulating
working fluid. Receiver temperatures range from 100°C in low-temperature
troughs to over 1500°C in dish and central receiver systems.

The Solar Thermal Technology Program is directing efforts to advance
and improve promising system concepts through the research and development
of solar thermal materials, components, and subsystems, and the testing and
performance evaluation of subsystems and systems. These efforts are
carried out through the technical direction of DOE and its network of
national laboratories who work with private industry. Together they have
established a comprehensive, goal directed program to improve performance
and provide technically proven options for eventual incorporation into the
nation’s energy supply.

To be successful in contributing to an adequate national energy supply
at reasonable cost, solar thermal energy must eventually be economically
competitive with a variety of other energy sources. Components and system-
level performance targets have been developed as quantitative program
goals. The performance targets are used in planning research and
development activities, measuring progress, assessing alternative
technology options, and making optimal component developments, These
targets will be pursued vigorously to insure a successful program,

One of the challenges in the program is to develop efficient,
economical energy transport systems suitable for high-temperature solar

thermal distributed receiver applications. As receiver temperatures
increase, conventional sensible energy transport methods become less
desirable because of increased heat losses and insulation costs. A
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promising alternative that is particularly attractive for the high
temperatures characteristic of parabolic dishes and the extensive piping
associated with large collector fields is the concept of thermochemical
energy transport. It is based on the conversion of energy from thermal to
chemical form in the receiver, reduction of stream temperatures to near
ambient for transport, and conversion from chemical back to thermal energy
at the use point. The principal advantage offered by thermochemical
systems is low thermal loss transport at near ambient temperatures. This
report compares the performance and economics of representative sensible

and thermochemical energy transport systems for a dish solar thermal system
operating at high temperatures.



EXECUTIVE SUMMARY

A major challenge facing the development of distributed receiver solar
systems is the efficient transport of high-temperature thermal energy from
the collectors to the point of use. As receiver temperatures increase,
conventional sensible (SEN) energy transport methods become less attractive
because of increased heat losses and insulation costs, A promising
alternative that 1s particularly attractive for the high temperatures
characteristic of paraboloidal dishes and the extensive piping associated
with large collector fields is the concept of thermochemical (TC) energy
transport. The principal advantage offered by TC systems is low thermal

loss transport at near ambient temperatures.

Performance and cost estimates have been generated for SEN and TC
enerpy transport systems for a collector field consisting of 690 12-m
diameter dishes and producing ~40 MW, of high-temperature thermal power.
Four SEN and two TC energy transport systems are defined to carry energy
from the dishes to an end-use point at the edge of the field. The SEN
working fluids are an oill, Syltherm 800; a liquid metal, NaK; a molten
salt, Li-Na-K carbonate eutectic; and a gas, steam. The TC systems are
reversible, catalytic, all-gas chemical reactions: carbon dioxide reforming
of methane and dissociation of sulfur trioxide. Thermal energy 1is
delivered at four output temperatures ranging from 400 to 815°C. Four
transport systems, the two TC candidates and the two most appropriate SEN

systems, are evaluated at each of the four output temperatures.

Concentrator, receiver and transport system performance estimates are
based on insolation conditions representative of the Southwest (average
annual insclation of 2696 kWh/m?-y), assuming the systems are operating 10
h/d for 311 d/y. Concentrator efficiency is assumed the same, 85%, for all
systems and operating conditions, while receiver efficiency varies from 76
to 96% as a function of receiver temperature. Transport system performance
is determined by estimating thermal losses both while the system is

operating and during nighttime and shutdown periods.



Installed capital costs of components common to all systems,
concentrators, sensible type receiver elements (housing, insulation, heat
exchanger, and supports), and balance of plant, since they do not affect
relative comparisons among the SEN and TC transpert systems, are assumed to
be the wvalues cited as long-term goals for IPH in the U.S. Department of
Energy National Solar Thermal Technology Program: Five Year Research and
Development Plan, 1985-1989. Transport system capital costs, however, are
estimated in considerable detail using a "bottoms-up" methodology and
assuming that many large solar thermal dish systems have been constructed
and operated. These are combined with estimates of annual energy output,
using accepted methodology for comparing energy production alternatives,
to yield levelized energy costs (LECs). These range from approximately 3
to 11 ¢/kWh,, depending on the transport system and output temperature.

Within the context of the assumptions and methodology employed in the

analysis, the major conclusions are

1. At 400°C, desplite some performance and cost differences, the
levelized energy costs of the two SEN and two TC transport systems

are about the same.

2. At higher output temperatures, TC transport is more cost-effective
and is the only wviable option at delivery temperatures above

~700°C,

3. The CO,/CH, system has better performance and lower costs than the

803 system at all output temperatures.

4, The C0,/CH, TC system is the most cost-effective transport system
at all temperatures and appears closest to meeting the STT Program

long-term IPH goal of 3 ¢/kWhy, (9 $/MBtuy,) levelized energy cost,

5. The steam system exhibits the poorest performance and highest
costs of all transport systems at the three highest temperatures.
The use of an all gaseous system for high temperature sensible

energy transport, therefore, is not cost-effective.



6. The high capital and parasitic costs required to heat trace the
carbonate salt system illustrate the severe economic penalty that
will be associated with any transport system that needs to be heat

traced.

Certain aspects of the SEN and TC transport systems that bear on the
comparisons, but are not explicitly included in the analysis, are 1) the
effect of the corrosive nature of the carbonate salt and S0; fluids on the
performance and costs of these systems, 2) the likelihood that the 850,
system will have to be heat traced (to ~65°C) to prevent S0; condensation,
1) the effects of side reactions in the CO0,/CH, system that have the
potential for water and carbon generation, 4) the likelihood that off-
design (low insolation) operation will cause a much greater reduction iIn
the performance of SEN transport systems than in that of TC systems because
increased thermal losses in the former, as a result of lower flow rates,
consume an even greater fraction of the absorbed energy than in design
operation, and 5) the potential of TC transport systems for more rapid
start-up each morning since nighttime thermal losses that need to be made

up are much smaller than SEN system losses.

Items 1, 2, 4 and 5 will tend to drive the comparisons further in the
directions already evident and reinforce the conclusions cited above. Item
3, on the other hand, could potentially have a detrimental effect on the
most promising candidate, the C0,/CH, TC transport system. Consequently,
it must be addressed and resolved as part of any program to develop this

system further.
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INTRODUCTICN

Point focus distributed receiver solar systems utilize paraboloidal
dish concentrators with receivers mounted at their focal points. A dish
thermal system consists of a field of these collectors in which thermal
energy 1is transported by a working fluid that absorbs energy in the
recelvers. The fluid then passes through a piping network to a central
conversion device where it releases the energy either to a heat engine for
electrical power generation or to a heat exchanger for use as industrial
process heat, Because of the large energy flux concentrations possible
with paraboloidal dishes, they are ideally suited for applications

requiring high delivery temperature, >400°C.

Potential applications utilizing high temperature thermal energy occur
almost exclusively in two areas: electric power generation and industrial
process heat (IPH). In 1984, the United States consumed more than 76 quads
(80 x 10°% GJ) of energy, 87% of which came from fossil fuels (oil, gas and
coal), approximately 5% from nuclear plants, and the remaining 8% from
renewable sources, 0f this total energy consumption, approximately 34%
(~26 quads) was used to produce electricity and about 30% (including 36% of
the electricity generated) was used by the industrial sector. Roughly half
of this industrial consumption (~12 quads) was used for process heat. The
remainder was split between end-use losses (~6 quads) and the use of
various fuels as feedstocks for the manufacture of non-energy materials (~5

quads) {1].?

Most of the electricity produced in the U.S. is generated in steam
plants using fossil fuels and high speed turbines. Steam Rankine cycle
(SRC) turbines currently used by the utility industry range in size from
less than one to several hundred MW,. Standard utility practice limits SRC
turbine inlet temperatures to ~400°C for the smallest units, ~510°C for an
80 MW, size, and ~565°C for the larger turbines. Organic Rankine cycle

(ORC) turbines have come inte use during the last two decades, but the

1. Numbers in brackets designate references cited in this report.
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majority of these operate at turbine inlet temperatures below 320°C because
most organic working fluids are not stable above this temperature. One
notable exception to this is toluene which, because of its stability at
higher temperatures, has enabled ORC units to operate at a peak cycle
temperature of 400°C. Combined cycle power plants use a Brayton cycle gas
turbine as a topping cycle with a SRC to achieve improved performance
through a higher peak cycle temperature. Brayton cycle turbines typically
operate at peak temperatures more than 500°C higher than possible with
conventional SRC units (upwards of 1100°C)[2]. All of the SRC systems, the
toluene ORC, and the combined cycle plants are viable applications for

solar thermal dish systems.

The situation for industrial process heat applications is much more
complex. Surveys of the industrial consumption of thermal energy [3,4,5]
show that there is a great variety of IPH applications. They differ in the
type of process, facility size, manner by which heat is delivered to the
process (i.e., heat delivery mode), delivery temperature, facility capacity
factor, fuel, and fuel cost. Industrial energy consumption as a function
of process temperature, facility size, and number of facilities, assuming

average plant sizes and 100% capacity factor, is illustrated in Figure 1

[3].

More energy, 67%, is consumed at temperatures above 400°C than below
and mostly by facilities of sizes between 30 and 300 MW,. However,
because the larger facilities tend to use energy at higher temperatures,
energy delivered at temperatures >400°C is consumed by only 20% of the
facilities. Further categorization of industrial energy consumption by
process, heat delivery mode, and fuel reveals that much of the highest
temperature energy, >1100°C, is delivered at temperatures ranging from
1400 to 2200°C and 1s provided by electric heating [4,5]. Application of
solar thermal technology, either as a direct replacement for electric
heating or for supplying very high-temperature energy, would require major
process modifications and significant advances in solar hardware design

[4]. Thus, the most likely IPH applications for solar thermal dish systems
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are those industries requiring process heat in the 400 to 1100°C
temperature range. These industries use about 38% of the total IPH energy

congsumption (e.g., ~4 1/2 of the 12 quads used in 1984).

The extent to which solar thermal dish systems will actually be applied
in these areas hinges on the costs of solar produced energy becoming
competitive with conventionally generated energy costs. Thus, the
marketplace will make the final decisions as to what technology will be
used, and when and where it will be applied. The value of solar thermal-
generated electricity and IPH, therefore, is determined by the cost of

electricity and IPH produced from conventional fuels and equipment.

The cost of electricity from conventional fossil and nuclear power
plants wvaries with the fuel (coal, o0il, gas, nuclear), the type of plant
(baseload, intermediate-load, peaking), and plant location and ownership
(utility and grid characteristics). Lower-bound estimates of the future
cost of electricity, based on intermediate-load cocal-fired power plants,
are presented by the U.S. Department of Energy in its National Solar
Thermal Technology Program: Five Year Research and Development Plan 1986-
1990 [6]. For a capacity factor range of 0.4 to 0.5, the levelized energy
cost (LEC) varies from approximately 5 to 8 ¢/kWh,.

IPH energy costs are a function of all of the parameters cited above.
Future IPH costs from conventional technologies have been estimated by
Brown et al. [5] for 17 combinations of fuel (coal, o0il, gas, and
electricity), heat delivery mode (boiler, combustion furnace, and electric
furnace), and delivery temperature (~120-2200°C). Levelized energy costs
were computed using 1984 dollars levelized in real terms and based on a
1995 plant start-up and an annual capacity factor of 0.5. For the baseline
designs having temperatures in the 400-1100°C range, the LECs vary from
roughly 2 to 5 ¢/kWhy,.

The efficient transport of high-temperature thermal energy represents a
major technical challenge that must be overcome if dish thermal systems are
to be cost-effective. Conventional SEN energy transport suffers several

disadvantages with regard to high temperature applications: 1) Since the

4



extensive piping network required must operate at high temperatures, all
pipes, wvalves, etc. must be well insulated. 2) Special piping materials
(e.g. stainless steels, Inconel) will be needed to handle the more exotic
high temperature working fluids such as liquid metals and molten salts. 3)
In some cases it will be necessary to heat-trace the piping to prevent
solidification of the working fluid during periods of nonoperation. 4)
Operating heat losses can be quite large resulting in significant
reductions in delivered energy. 5) Nonoperating heat losses occurring
aovernight and during shutdowns can also be large, and the lost energy must
be replaced as the system is brought up to operating temperatures upon

start-up.

TC energy transport 1is a promising alternative for low-loss energy
transport for dish thermal systems. It is based on the conversion of
energy from thermal to chemical form for transport and then back to thermal
energy at the use point. This 1is accomplished through the use of
revergible chemical reactions: 1) to convert thermal energy absorbed in
endothermic reactors located in the receivers to chemical form for
transport, and 2) to convert this back to thermal energy in an exothermic
reactor in the central conversion unit. Recuperators between the supply
and return lines at each end of the system (adjacent to the reactors)
utilize the sensible energy in the products to heat the reactants,
minimizing sensible energy losses from the system and reducing the stream
temperatures to near ambient for transport. The characteristic of near-
ambient stream temperatures is the principal advantage offered by TC
transport. It results in minimal transport heat losses and, because little
or no insulation is required, reduced piping costs. A further consequence
is that transport system efficiency is essentially independent of system

size or transport distance [7].

This report compares the performance and economics of representative
sensible and thermochemical energy transport systems for a dish solar
thermal system operating at high temperatures. The analysis focuses more
on providing meaningful relative comparisons among the systems studied than
on absolute evaluations vis-a-vis other energy production systems or

delivered energy costs.



BACKGROUND

The transport of thermal energy as sensible heat is an old and proven
technology. Common heat transfer fluids include liquids (water, oils) for
low and medium temperature applications, and gases (steam, He) for medium
and high temperatures. Higher energy density fluids currently being
explored for use at high temperatures include liquid metals (Na, NaK and
Li), molten salt mixtures (alkali nitrates and carbonates), and particle
seeded liquids and gases. Equipment to wutilize these fluids for solar

applications is under development.

Thermochemical energy transport, on the other hand, is a relatively new
concept. Two of the earliest applications of the technology involved long
distance transport of high temperature energy from nuclear reactors. The
West German project, Nukleare Fernenergie (NFE), based on the steam
reforming of methane followed by methanation of the syngas, operated the
EVA/ADAM pilot plant successfully in closed-loop mode for several years
[8]. A screening study of high temperature energy transport optlons by Oak
Ridge National Laboratory evaluated three types of sensible flulds
(organics, liquid metals, and molten salts) and six thermochemical systems.
Performance/economics comparisons of three of these, 2 SEN (steam and a
molten nitrate/nitrite salt) and one TC (steam/methane
reforming/methanation), revealed that for the operating conditions
selected, the H,0/CH, TC transport system was the least expensive for

distances greater than about 32 km [9].

Interest in thermochemical energy transport and storage for central and
distributed receiver solar systems prompted a number of investigations
beginning in the mid 1970s., These included screening studies of reversible
chemical reactions to identify viable candidates for solar applications
[10,11}, receiver/ reactor design studies [12,13], and performance and cost
analyses of storage and transport systems employing specifiec chemical

reactions [l4-18]. Several of the TC transport performance/cost analyses



are reviewed by Schredder [18] and Fox [19], and a recent comprehensive
review of the literature pertinent to the use of TC energy transport in

solar energy systems has been prepared by Fish [7].

Chemical reactions suitable for solar TC transport applications should
have as many of the following characteristics as possible: 1) complete
reversibility, 2) catalytic in both directions teo insure that reactions
will occur only in the reactors and not in the recuperators or pipelines,
3) no side reactions in either direction, 4) constituents all gaseous at
ambient temperature and system pressure (i.e., no condensibles) to avoid
the need for insulation and heat-tracing of the piping system, 5) high
energy density, 6) non-toxic, non-corrosive constituents, and 7) low-cost

chemicals [7].

The reaction screening studies identified four reactions as suitable

candidates for solar applications;

1. sulfur trioxide dissociation:

S0; = SO, + 1/20,

2. steam reforming of methane:

3. carbon-dioxide reforming of methane:

€O, + CH, = 2H, + 2CO

4. ammonia dissociation:

2NH, = N, + 3H,.

The characteristics, advantages, and disadvantages of these reactions are

discussed in detail by Fox [19] and Fish [7].

Performance and cost estimates from two studies comparing SEN and TC
transport [14,15] and three analyses of TC transport systems only [16-18],
are summarized in Tables 1 and 2. The systems vary in size from 1 to 454

MW,, (thermal power output), and output temperatures range from 315 to
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Table 1 - Sensible Energy Transport*

Piping Combined Collection Levelized Energy
Thermal Output Concentrator Receiver/HX Network Transport System** & Transport System*** O&M Cost (LEC)***
Waorking Energy Temp. Cost Cost Cost Efficiency Cost Efficiency Cost Cost Cost
Investigator System Fluid (MwW,) c) No. ($/m32) ($/m?) ($/m2) (%) ($/m2, $/kW)) (%) ($/xw)  (§/m2-y) (&/kWhy
Caputo (14} 150 MW, Hot Water 454 315 8686 134.3 59 28.7 92 28.7,52.2 69 307 - —
1975 § 11 m Dishes, Steam/Water 377 430 [7859]a 134.3 7.8 34.2 90 34.2.66.0 66 340 - -
95 m?2 NaK 380 540 [8365]s 134.3 10.9 90.6 85 90.6,190 59 493 —_ -
He 419 540 10,000 134.3 18.1 a5.5 71 85.5,194 50 540 - —
Nix {15)® 1MW, Steam 1 400 [25]2 118 11 — - — — 799 109 18
11 m Dishes Draw Salt 1 400 [25]a 115 11 -— - - 82 1677 122 27
(NaNOzKNO;
60:40, wt)
* No storage. Costs include installatien. — Items not reported in reference.
** Transport system is piping network only. Coliector includes concentrator and receiver. [ T Quantities estimated by author.
*** No BOP costs included. @ Estimates based on efficiencies and power levels given in reference.

$/m2 Based on total concentrator area.
$/kWy Based on thermal output (delivered energy) from transport system.
t

b Some component costs based on estimales in 1978 $, basis for others not given.



Table 2 - Thermochemical Energy Transport*

Receiver/Endo.

Reactor/ Piping Exo. Reactor/ Combined Collection
Thermal Output Concentrator Recuperator Network  Recuperator Transport system*” & Transport System***
Chemical Energy Temp. Cost Cost Cost Cost Efficiency Cost Efficiency Cost
Investigator System System (MW {°C) No. ($/m3) ($/m2) ($/m2) ($/m?) (%) ($/m2, $/kw,) (%) (S/kW,)
Caputo (14) 150 MW, H,0/CH,? 376 540 7580 134.3 20.1b 17.4 2.9¢ 98 40.4,77.4¢ 65 335
1975 § 11 m Dishes
95 m2
Williams 10 MW, H,0/CH, 27.8 — 512 — _ 11.30 — — 11.3,19.70 — -
(16) 11 m Dishes S04 27.8 — 512 — - 10.9 — — 10.9,19.0 _ -
1974 % NH5' 278 — 512 e - 111 — -_ 111,195 — —_
CH,0H4 278 — 512 — — 11.0 - - 11.0,19.3 —_ —_
Smith (17) 10 MW, SO, 27.7 527 720 — 38i 86 31 77 180,444 — _
1980 $ 11 m Dishes
Nix (15)' 1MW, CO,/CH M 1 200 [25]n 115 21 - - - - 79.6 1680
11 m Dishes 50, 1 400 [25]) 115 21 — — - - 85.0 5803
Schredder 30 MW, 80, -L° 30 427 [668]P —_ 224 — 114 95 75,1594.r —_ —
(18) [11 m Dishes] $05-He 30 621 (730 — 28 — 13 93 92,212 — —
1980 $ H,0/CH, 30 427 [668] - 24 - 12 96 83175 — —
CO,/CH, 30 427 [707] — 22 - 12 92 76471 — —

wn

$/m

* No storage. Costs include installation.

* Transport system includes piping plus endothermic and exothermic reactors and
recuperators.

* No BOP costs included.

2 Based on total concentrator area.

$/kW, Based on thermal output (delivered energy) from transport system.
— These items not included in reference.

(

} These items estimated by author.

a Steam reforming of methane,

b |Includes 17.2 $/m? for the receiver/reactor plus 2.9 $/m2for catalyst. No recuperator cost
given.

¢ Cost of catalyst only. No recuperator or reactor cosis given.

d Includes everything but concentrator.

e Dissociation of sulfur trioxide.

! Dissociation of ammonia.

9 Dissociation of methanol: CH;O0H — CO + 2H,.

" Fromminimumin = 0.6 curves of $/kW, vs. pressure. Installed pipe cost plus running cost
of pumping power required.

' Average of range (20-55) given in reference.

I Staged exo. reactor with intercoolers plus recuperator.

% Includes 25 $/m? for compressor.

! Some component costs based on estimates in 1878 §, basis for others not given. O&M and
LEC values for these two systems are: CO,/CH,: 133 ($/m2 - y} and 26 (¢/kW,); SO, 244
($/m2 - y) and 70 (¢/kW,).

m Carbon dioxide reforming of methane.

" Estimates based on efficiencies and power levels given in ref.

9 805 - L: “Low-temperature $0; - 50, system,” SO, - H: “High-temperature §0,-50,;
system.”

P Estimates based on assuming 11 m dishes which provide 50 kW, per dish to supply solar
energy input, Q, 1o systems.

9 Costs based on use of metal components. Avg. values used when range givenin ref. Use of
advanced ceramic compoenents estimated to reduce costs by factors of 2.5-5.

" Total installed costs do not include organic Rankine heat recovery equipment reported in
ref.



621°C, Unfortunately, there are significant differences in the performance
and cost assumptions and methodologies employed and in the amount of detail
presented in the wvarious references. Consequently, comparisons of the
results from different studies are difficult to interpret and of
questionable wvalue. Nevertheless, the results do serve to illustrate that
estimated costs can vary over a wide range, particularly for TC transport,
and that further study is needed to evaluate the cost-effectiveness of TC
transport for solar applications. A comparison of the SEN and TC results

from the two studies that treated both systems indicate the following:
1. At an output temperature of 400°C, SEN transport costs range from
about the same to much less than those of TC transport, and

C0,/CH, is more cost-effective than S0; [15].

2. At 540°C, TC cransport using H,0/CH, is more efficient and less

expensive than SEN transport using either NaK or He [14].
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TRANSPORT SYSTEMS

System Definition

The present analysis assumes a collector field of 690 12-m diameter
dishes with the end use point located at the edge of the field as shown in
Figure 2. The dish spacing and piping layout are based on those employed
at the Solar Total Energy Project (STEP) at Shenandoah, Georgia [20].
Thermal energy is delivered to the user at one of four output temperatures:
400, 540, 675, and 815°C. The power output for a direect normal insolation
of 867 W/m2 ranges from approximately 34 to 47 MW,, depending on the output
temperature and transport f£luid. Two TC and two SEN energy transport
systems are evaluated at each output temperature as indicated in Table 3.
The TC systems considered are carbon dioxide reforming of methane, CO,/CH,
(CH4), and dissociation of sulfur trioxide, 80; (503), The SEN working
fluids include an oil, Syltherm 800 (SYL), a liquid metal, NaK (NAK), a
molten salt, Li-Na-K carbonate eutectic (CS), and an all-gas system, steam
(STM) .

Table 3 - Transport Systems

Qutput Temperature - T, (°C)

400 540 675 815

Thermochemical: CH4 CH4 CH4 CH4

S03 503 S03 503

Sensible: SYL STM STM STM
NAK NAK NAK CcS

Operating pressures are assumed to be near ambient for SYL, NAK, and CS§,

54 .4 atm for STM, 20 atm for CH4, and 5 atm for S03.

The collector and transport systems for both SEN and TC energy
transport are shown schematically in Figure 3. The collectors are assumed
to include the concentrator and a cavity receiver that, for the SEN

systems, contains a conventional heat exchanger (HX). The TG receivers,

11
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however, contain an endothermic reactor (REA) and a recuperator (RCP)
between the reactant and product streams. The receiver housing,
insulation, supports, etc., are considered to be part of the collector,

while the reactor and recuperator are included in the transport system.

The transport systems consist of all piping (including risers and
downcomers), insulation, pumps or blowers, wvalves, controls, the working
fluid, and conversion equipment at the use point. The CS5 system also
includes heat tracing, which is required to prevent freezing of the
carbonate salt eutectic overnight and during shutdowns, For SEN transport,
the conversion equipment consists of a conventional heat exchanger, but for
TC transport, it includes a recuperator and an exothermic reactor (shown
schematically as a staged unit consisting of adiabatic reactors (AR) with
intercoolers (HX)). The other major difference between the two transport
concepts is that the pipeline temperatures will be much higher than ambient
for the SEN systems but close to ambient temperature for the TC systems,
Thus, insulation is required on the SEN pipelines but not on the TC lines,

to keep piping heat losses (QL and Q for the supply and return lines,

5 '

respectively) to reasonable levels.

Pipe Network Optimization
The extensive piping network required for a distributed receiver solar

thermal system represents a significant fraction of the cost of the
transport system, especlally for SEN energy transport, Optimization of
such networks is essential for efficient, economical transport of high
temperature thermal energy. Caputo [l4] used an optimization scheme based
on first minimizing installed pipe costs (subject to the constraint of
constant pumping power) and then minimizing insulation costs to achieve an
acceptable heat loss. Williams {16] used a similar procedure for
minimizing installed pipe costs but subject to the constraint that the
total pressure drop be constant, Barnhart [21] developed a model for
determining the optimum combinations of pipe diameter and insulation

thickness that minimize the network annualized system-resultant cost.

14



Hostetler and Iannucei {22], on the other hand, present a methodology
involving a coupled optimization of pipe diameter and insulation thickness

that minimizes the overall solar system levelized energy cost.

The present analysis wutilizes a network optimization scheme that
selects pipe diameters and insulation thicknesses based on minimizing
pipeline heat losses and pump work [23]. The model treats both daytime
steady-state operating heat losses and nighttime transient losses. The
optimum insulation thickness for each pipe size is determined first by
minimizing the sum of the heat losses and an energy cost of installed
ingulation. The latter 1s determined by relating the volumetric cost of
insulation to the value of thermal energy, including the time-value of
money. The optimum pipe/insulation size is then chosen by minimizing the
daily heat and pumping losses. A comparison of this energy loss
minimization procedure with the ETRANS cost minimization model developed by
Barnhart [21] indicates that it yields similar pipe sizes and total field
losses and slightly greater insulation volume (~20%) for a representative

dish field piping network [24].

All piping networks are insulated except that for the CH4 TC transport
system. In all cases, the flow velocities, pressure drops, and insulation
amounts determined by the optimization model were checked against accepted
design practice and experience gained at the STEP facility, Shenandoah,
Georgia. When necessary, pipe diameters and insulation thicknesses were

adjusted accordingly.
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PERFORMANGCE ANALYSIS

Operating Conditions

Insolation assumptions are based on representative conditions for the
Southwest. The daily average direct normal insolation, I4,, is assumed to
be 867 W/m2, System down periods due to low iInsolation were estimated
uging the dajily direct normal solar radiation data for Albuquerque, New
Mexico, for the years 1957 and 1958 [25]. The numbers of one, two, and
three-day periods during which the insolation did not exceed 3 kWh/m? were
18, 11, and 2, respectively (averapged over the 2 years). Added to these
were shutdowns for maintenance of two 1- and 3-day periods per year, making
a total of 54 d/y (5650 h/y including overnights) during which the system
is assumed to be shutdown. This leaves a total of 311 days per year during
which the system is considered to be operating 10 h/d. Multiplying by T4,

yvields an annual average insolation of 2696 kWh/m2-y.

Performance Estimates
Based on the assumed value of T4, a 12-m dish intercepts solar energy
at a rate of 98 kW. The corresponding rate for the whole collector field

is
Qr = Tgy Acon Neow = 67.7 MW. (L

The energy absorbed by the transport system working fluid in the receiver,

Q.,., is lower as a result of concentrator and receiver losses, Q and
WF LCON

, while the thermal output delivered at the use point, Qo’ is further

Q
LrEC

reduced by the transport system losses, QL .
TRN
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Concentrator performance was estimated by assuming a representative

value for the concentrator efficiency,

Tean ~ Wpe/Q = Q7 - Q. )/Q = 858 (2)
CON  “REC’ I I Ly T

The thermal loss from the receiver, Q , 1s the sum of the conductive,

LREC

convective and radiative losses. Receiver efficiency,

"rec = Wr/%Rec = QREe - QLREC)/ Ec: (3)

therefore, is strongly dependent on the receiver aperture area, Agge, and
cavity temperature, Tgz., but is only weakly dependent on ambient

temperature, T,, especially for high receiver temperatures.

A concentration ratio (CR = Agey/Agpe) of 1500 is assumed and receiver
temperatures for the SEN systems, as determined from the piping network
analyses, are 427, 565, 704, and 871°C at output temperatures of 400, 540,
675, and 815°C, respectively. The TG receiver temperatures are assumed
equal to the endothermic reaction temperatures. The latter are defined to
be relatively high in order to achieve a high degree of energy conversion
in the TC systems with the constraint that the exothermic temperatures are
determined by the delivery temperatures {(in the present analysis they are
assumed equal to the four delivery temperatures). A larger endothermic-
exathermic temperature difference means a greater difference between the
extents of reaction at the two ends and hence more energy transported per
pass of the gas mixture through the system. The endothermic reaction
temperatures are 927°C for T, = 400 & 5340°C and 1127°C for T, = 675 and
815°C. The resulting receiver efficiencies, shown in Figure &4, illustrate
the performance penalty experienced by the TC receivers as a result of

these higher temperatures.
Thermal losses from the transport system occur mainly from the piping
network because of the large volume of working fluid contained therein and

the large surface area available for heat transfer. The SEN heat
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exchangers and TC reactor/recuperator units in the receivers and the SEN
and TC components at the use point are assumed to be well enough insulated

that their losses are negligible relative to the piping losses.

The total transport system thermal loss, QLT , is the sum of the
BN

and Q and the transient shutdown losses,

s e’

{nighttime and other shutdowns). Estimates of these losses for the

daytime operating losses, QL

Ly
SEN transport systems were based on results from the piping network
optimization calculations [23]. Daytime operating losses, computed using a
steady-state pipe heat transfer model, were increased by factors of
approximately 2 and 1 1/2, for the supply and return lines respectively, to
account for approximations made in the model and for actual losses
encountered in real operating systems (e.g., through pipe supports and
valves). Multiplying by the operating time per year gives the annual

operating losses for the SEN transport systems.

Fluid temperatures at the receiver inlet and outlet for the SEN systems
were determined using these steady-state heat loss rates and assuming: 1)
the fluid enters the use point HX at the specified output temperature, and
2) its temperature drops 139°C in passing through the HX. The resulting
temperature rise across the receiver, ATz, together with Qg and fluid

properties, determined the SEN working fluid flow rates.

Transient shutdown losses for the SEN systems were estimated using a
simple lumped thermal capacitance model applied to each pipe segment
independently. The working fluid was assumed to be stagnant with an
initially uniform temperature equal to the average of the supply and return
line temperatures, The pipe wall and a portion of the insulation (based on
energy content) were assumed to have the same temperature as the fluid and
make up the lumped thermal capacitance [23]. Once again, to account for
experience with operating systems in the field, the thermal conductances
used iIn the transient loss estimates were taken as twice the computed
values, effectively doubling the heat loss rates, Estimates were made for

shutdown periods of 14, 38, 62, and 86 hours, corresponding to overnight
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and overnight plus 1, 2, and 3 days, respectively. The results were summed
first over all pipe segments in the network for each shutdown and then over
the number of all shutdown periods per year to obtain the total annual

transient heat loss.

Transient losses for the CS sensible system, which employs heat tracing
to maintain a temperature of at least 400°C during shutdowns, were
determined by either the length of the shutdown period (as above for the
other SEN systems) or the time required for the average temperature to fall
to 400°C, whichever occurred first. Heat lost from 400°C to ambient during
shutdowns defines the heat trace energy required, Qyr, which is treated as

a parasitic loss.

Operating losses for the TC transport systems were estimated with the
aid of an initial version of the CLEA single-loop, TC transport steady-
state performance model [7]. The model assumes equilibrium chemistry and
provides energy and mass flows and state properties around the system. The
minimum temperature difference between the streams in the recuperators is
assumed to be 25°C. As the gases flow through the piping network, their
temperatures are assumed to decrease to ambient (25°C) in the CH4 system
and to 121°C in the S03 system. The latter is achieved by insulating the
S03 network and is necessary to prevent condensation of 50; in the lines.
The TC steady state operating losses, therefore, are simply the decreases
in sensible energy that occur as the gas mixtures, which enter the
pipelines from the recuperators at temperatures ranging from 50-134°C for
CH4 and 146-178°C for 503, cool to the values given above as they pass
through the network. Multiplying by 3110 hours of operation per year gives

the annual operating losses for the TC systems.

Transient shutdown losses differed considerably between the two TC
systems. Since the CH4 pipelines are uninsulated and the gases leave the
recuperators at lower temperatures, it is assumed that the small amounts of
sensible energy involved are lost soon after the gases enter the lines.
Gas temperatures In the lines, therefore, are assumed close to ambient
throughout a large portion of the network. Consequently, the transient

losses are negligible for the CH4 system. The S03 shutdown losses, on the
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other hand, are estimated in the same manner as those for the SEN systems.
The simple lumped thermal capacitance transient model is applied for each
shutdown period using doubled thermal conductances and assuming the initial
average gas temperature to be 121°C. Summing over the number of shutdown

periods per year gives the annual transient heat loss.

Parasitic losses considered are pump work, Wp, for all systems and heat
trace energy, Qyr, for the CS SEN transport system. Estimates of annual
pump work are based on pressure drops calculated using the Colebrook
relation for friction factor (as a function of Reynoclds number, pipe
diameter, and surface roughness - assuming ¢ = 46 um for new commercial
steel pipe) [26]. The incompressible and compressible steady flow work
relations were used where applicable, assuming a pump efficiency of 60% and
an annual operating time of 3110 h. The annual heat trace energy required
for the CS system is calculated using the steady-state heat loss model for
a constant fluid temperature of 400°C, using doubled thermal conductances,
summing over pipe segments, and multiplying by the total shutdown time per
year (5650 h).

Estimated values of the various performance parameters described above
(and used in the calculations) are tabulated in Appendix A for all systems

and operating conditions.

Performance Results

The relative magnitudes of the concentrator, receiver, and transport
system annual losses, and the resulting overall system annual output
energies, are illustrated in Figure 5 for the wvarious systems and delivery
temperatures. At 400°C the total losses for all four systemg are about the
same, but the distributions among the components are different. The TC
system losses are dominated by the collector losses (due in part to the
higher receiver temperatures) while the collector and transport losses for
the SEN systems are about the same. As output temperature increases, the
total SEN losses increase more rapidly than the TC losses and become

dominated by the transport losses. The output energies, @Q,, show
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corresponding decreases as T, increases, with the SEN transport wvalues
becoming significantly less than those for TC transport. The SEN transport
losses are much greater than the TC transport losses, by factors of from
about 3 at 400°C to roughly 5 at higher temperatures. Above 400°C, the CH4
TC system exhibits the lowest losses (transport and overall)} and hence the

highest output of all systems considered.

The performance of the transport systems can be measured in terms of a

first law efficiency defined as [7]

Wr - QLTRN - x(Wp + Qup)
n = . (4)
RN Qur

Parasitic energy for pumping and heat tracing is treated as a thermsl
loss, Since this energy is assumed to be supplied electrically, its
thermal energy equivalence is r(Wp + Qur) where r, the thermal-to-electric
energy ratio, is assumed to be 3. Annual efficiencies based on this

definition are presented in Figure 6.

An examination of these efficiencies yields the following observations:

1. The CH4 TC energy transport system has the highest efficiency at
all output temperatures by a margin that increases with output

temperature.

2. By comparison, the performance of the 303 TC system is rather poor
- its efficiency ranges from 18 to 37 percentage points below that
of the CH4 system. This is due primarily to the much lower energy
conversion in the endothermic reactor (by a factor of 3.5 - 4.4)
that necessitates higher flow rates and causes the S03 pump work

to be 6-7 times that for CH4.

3. The NAK liquid metal system exhibits the best performance of the
SEN systems at 540 and 675°C (it is comparable to Syltherm at
400°C), and its efficiency is from 3 to 7 percentage points

higher than that of the S03 TC system,
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4, The performance of the steam system, the poorest of all by far,
clearly illustrates the futility of using an all gaseous system
for high temperature SEN energy transport. This is primarily a
consequence of the wvery high volume flow rates and the attendant
high pump work required. The latter is 11 and 14 times that for
the NAK system at 540 and 675°C, respectively, and over 50
times that for €S at 815°C.

5. The low effieciency of the CS transport system, on the other hand,
demonstrates the severe performance penalty incurred when heat
tracing is required. The heat trace energy is more than 50

times the pump work for this system.

The performance of the overall collector/transport systems, as measured

by their annual efficiencies, defined as

Q, - Q - Q - Q - r(Wp + Q)
_ . “oon  Tmic 7N F HT (5)

is shown in Figure 7. The trends exhibited here are generally similar to
those of the transport system efficiencies in Figure 6. The most notable
difference is the reduction in the TC efficiencies relative to the SEN
values as a result of the higher TC receiver temperatures and hence lower

receiver efficiencies.
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ECONCMIC ANALYSIS

A convenient and accepted method for comparing and evaluating the
economic attractiveness of alternative energy production technologies 1is
the required revenue approach developed by Doane et al. [27]. It is based
on determining the required revenue per unit of energy output that will
exactly recover the full costs of purchasing, installing, and operating the
system over its lifetime. To apply this method, it 1is necessary to
estimate the installed capital costs and annual operating and maintenance

(O&M) costs for each of the collector/transport systems examined.

Installed Capital Costs

Consistent with the primary objective of comparing the economics of SEN
and TC energy transport alternatives, transport system costs were estimated
in considerable detail. The costs of other components, because they do not
affect the relative comparisons, were selected on the basis of being
reasonable and the same for all systems. Thus, installed capital costs for
the concentrators, sensible-type receivers (including the housing,
insulation, a heat exchanger, and the supports), and balance of plant were
assumed to be the values cited as long term goals for IPH in the U.S5. DOE
National Solar Thermal Technology Program: Five Year Research and
Development Plan, 1985-1%89 [28]. For paraboloidal dish systems and

process heat applications the long-term goals are (1984§):

Concentrators 140 §/m2
Receivers (SEN) 30 $/m?
Balance of Plant (BOP) 50 $/me
The transport systems consist of the following: the endothermic

reactor and recuperator in each of the TC recelvers; the piping network,
which includes a riser and downcomer (including flex hoses), a control
valve, and two manual valves for each collector, a manual valve for each of

the ten 1X collector fields, special bellows seals for all wvalves in the
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NAK and CS systems, all of the remaining pipe and fittings, and insulation
(for all but the CH4 system); a pump or blower; energy conversion equipment
at the use point; heat tracing (for the CS system); and electrical

controls.

A "bottoms-up" methodology was used to estimate transport system
installed costs based on 1984 Means mechanical cost data [29]. The
estimates are based on three important assumptions: 1) Large solar thermal
dish systems such as this have already been constructed and operated, i.e,,
it is not a prototype faclility and a base of construction and operating
experience exists., 2) Large systems involve many replicated parts. 3) A
solar experienced contractor will be used, one that has installed 10 or

more similar facilities.

Piping costs are a function of pipe size and material and are quoted as
dollars per unit length of pipe. The total length of pipe in the 10X
collector field, from the receivers to the end-use point, and including
both supply and return lines, is more than 44.7 km (23 km in just the
risers and downcomers). Pipe size and material depend upon the working
fluid, the temperature and pressure, and the allowable pressure drop (i.e.,
pump work). Pipe diameters were selected using the energy loss
minimization procedure described above. Pipe wall thickness schedules and
materials selected are schedule 40 carbon steel for SYL; sch, 10 304
stainless steel for NAK, S03, and CH4; sch. 80 304 stainless steel for STM;
and sch. 10 Inconel 600 for CS. Installed pipe costs were estimated to be
the material cost plus 15 percent for fittings and 40 percent for

installation (except CS for which installation costs are 45 percent}.

Pipe insulation costs depend on material, thickness, and length of
pipe. Insulation materials selected, as a function of output temperature,
are fiberglass at 400°C, calcium silicate at 540 and 675°C, and Kaowool at
815°C. 1Insulation thicknesses were determined using the pipe optimization
procedure as described previously. Installed insulation costs were
estimated to be the material cost for the total pipe length plus 15 percent

for insulation of fittings and 50 percent for installation.

28



Other components in the SEN transport systems and many in the TC
systems are standard items, and estimating their costs was reasonably
straight forward. The same is not true, however, for the endothermic and
exothermic reactor/heat-exchanger units in the TC systems. The endothermic
reactors and recuperators In particular, since they are mounted in the
receivers, will be considerably different from conventional designs used in
the chemical process industry. Thus, there is very little cost data
available relevant to these units. The exothermic reactors and heat
exchangers, on the other hand, should be very similar to commercial units
for which a cost data base is available. Component sizes and materials
requirements were determined based on mass and energy flows, system
pressures, materials compatibility concerns, and for the reactors, catalyst
characteristics. Component costs were subsequently obtained through
telephone conversations with industrial suppliers and manufacturer’s
representatives. Based on this information, endothermic
reactor/recuperator installed costs were estimated to be $2k per receiver
(in addition to the basic receiver cost of 30 $/m? discussed above). The
exothermic reactors and heat exchangers in the central conversion unit of
each TC system were estimated to cost $220k installed, These TC
endothermic and exothermic reactor/heat-exchanger costs have the greatest

uncertainty of all of the estimated SEN and TC component costs.

Ranges in the estimated costs of the wvarious transport system
components are presented in Table 4. Estimated installed capital costs for
all system components are tabulated in Appendix A for all sixteen systems

considered.

Balance of plant, concentrator, receiver and transport system capital
costs are summarized in Figure 8. At T, = 400°C, the CH4 and SYL transport
costs are essentially the same and the lowest of the four, and all
transport costs are less than the collector costs. At higher output
temperatures, TC transport costs are consistently less than those for SEN
transport, with the difference increasing with increasing temperature. The
STM transport costs are highest at the higher temperatures and also greater

than the collector costs. The CH4 TC transport system has the lowest
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Table 4 - Transport Systems Component
Cost Estimates (1984%5)

Component

Piping

Insulation

Flex Hoses

Contrel Valves

Bellows Seals
(NAK & CS)

Heat Trace
System (CS)
(incl. 5 MW substation)
Pump/Blower
Endo. Reactor/
Recuperator
(CH%4,S803)
Central Conversion
Unit:

- SEN (HX)

- TC (AR/HX's)
Electrical Controls

Working Fluid
Charge

*Includes cost of catalyst, estimated to be $20 per kg.

No. of
Units

4 per collector
(3200 ea)

1 per collector
($1,200 ea)

3 per collector
{5507 ea)

1 per system

1 per collector
(52,000 ea)

1 per system

1 per system

to fill system

30

Ranges of
Installed
Cost (k$)

672 (CH4) -
7,531 (STH)

1,054 (S03)-
7,455 (5TM)

552

828

1,050

4,756

45 (SYL)-
750 (STM)

1,380%

80 (SYL, NAK)-
300 (STM)

220%

80 (SYL) -
600 (STM)

0.1 (STM) -
1,500 (NAK)
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capital costs at all output temperatures above 400°C. All but the STM and
CS systems appear to have a chance of meeting the long-term goal (IPH) of
65 $/m? cited in the STT Five Year Plan [28].

Annual O&M Costs

Annual operating and maintenance (O&M) costs are comprised of
materials, labor, and parasitic power costs, Materials costs include
catalyst replacement (assuming a three year cycle and reduced cost due to
recovery of precious metals and large quantity production), make-up
chemicals and heat transfer fluids, water treatment, and spare parts and
seals, labor costs include repair and calibration of instrumentation, and
insulation and heat trace system repair. Pumping and heat trace energy 1is
valued at 6 ¢/kWh,. Except for the pumping and heat trace energy
requirements, which were computed as part of the transport system
performance analyses, estimates of the collector and transport system 0&M
costs are based to a great extent on experience gained with the STEP dish
system (SEN energy transport, T, = 400°C) at Shenandoah and a number of
other IPH systems (trough collectors) that have been operating for several

years.

Collector O&M costs were estimated to be §250,000 per vyear. This is
applied to all systems and hence does not affect relative comparisons among
the transport systems. Ranges in the estimated transport system 0&M costs
are given in Table 5. A detailed tabulation of estimated C&{ costs is

given in Appendix A for all systems analyzed.

Again, as with the capital cost estimates, 1) it is assumed that many
systems of this size have been built previously and are operating reliably,
and 2) the greatest uncertainties are in the O&M costs estimated for the TC
transport systems, in particular the materials costs. This is due largely
to unanswered questions concerning the catalysts: Which catalysts are best
suited for the type of cyclic operation characteristic of solar
applications? How much catalyst is required? What will the bulk price be

for the quantities of catalyst needed for a large system? How often will
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Table 5 - Transport Systems Annual 0&M
Cost Estimates (19848%)

(kS /v)
Materials 10(STM) - 90(STM)
Labor 120(SYL,NAK,STM) -
250(CS)
Parasities:
Pumping 17(CS) - 8976(STM)
Heat Trace 888(CS)

the catalyst have to be replaced? What procedures, if any, can be employed
to regenerate the catalyst in situ when the system is not operating

(nighttime, shutdowns)?

Collector and transport system annual 0&M costs are summarized in
Figure 9, A striking feature of this comparison is the excessive parasitic
costs for the 503, STM, and CS transport systems. For S03 and STM this is
due to the high pump work, while for CS it is due to the high heat trace
energy. The CH4, NAK, and SYL costs are all lower by a factor of 2 or
more, with the costs for CH4 and NAK being essentially the same at the
three lower output temperatures. Only the 0&M costs for these three

systems are anywhere near the STT long term goal.

Levelized Energy Costs
The required revenue approach of Doane et al. [27] computes a levelized

energy cost (LEC) that is the quotient of the annual system-resultant cost
divided by the expected annual output from an energy production system,
The annual system-resultant cost is an amount which, if collected in
revenues each year for the energy produced, constitutes a revenue
distribution with exactly the same present value as the summed present
values of the separate cost distributions for capital expenditure and

recurrent operating, maintenance, and fuel costs. (Fuel costs for a solar
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system are assumed to be zero). The resulting expression for levelized

energy cost is

d
(1L +g) [FCR*CIPV + CRFI,N(OPPV + MNTPV + FL_ )]

LEC = W, 27 (6)
where! LEC = levelized energy cost (§/MWhyy)
g = general inflation rate
d =Y - Yb
Yeo = first year of commercial operation
¥, = base year for costs
FCR = annualized fixed charge rate
CI,, = present value of capital investment in current
dollars, as of year y,,
CRF, y = capital recovery factor (rate r, period N years)

OPy, ,MNT,,,FL,, = present value of operating, maintenance and
fuel costs, respectively, in current dollars,
as of year vy,

MWH, = expected annual energy output (MWh,,)

levelized energy costs for the wvarious SEN and TC collector/transport
systems were computed using a simplified economic analysis program, ECANAL,
which employs the methodology of Doane et al. [27]. The total installed
capital costs, total annual 0&M costs and annual energy output are input
for each system. The total installed capital cost is assumed to occur in
three equal disbursements over the three year construction period (N.,).
The system operating lifetime, or plant life (N), is used as the analysis
period for all financial computations, Thus, the present value
computations for capital iInvestment expenditures (CI) and recurrent costs
(OP, MNT, and FL) normalize these outlays to their respective "present"

values (CI,,, OP MNT,,, and FL,,) as of January 1 of the first year of

pvs
commercial operation (y.,)- These present values are annualized from
unique lump sums to a single series of uniform annual payments over the
life of the project, expressed in constant 7y, dollars. This annualized
system-resultant cost is obtained by multiplying the present value of the

sum of all system-resultant costs by the capital recovery factor (CRF, y)
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and adjusting back to y, dollars. For electrical power systems, MWH, is
the annual electrical energy output and LEC is equivalent to the levelized
busbar energy cost. In the present analysis, however, the output of the
collector/transport systems is thermal energy and MWH, is taken to be the
annual output energy, Q, (MWhy,). Details of the development, including

descriptions of the various terms, are given in Reference 27.

Values for the economic parameters used in the computations are given
in Table 6. The first eight parameters are the same as the levelized cost
assumptions used in the STT 5-Year Plan [28] for determining the long-term

component goals for IPH systems.

Table & - Economic Parameters

Assumed:
Plant Construction Time (N..,) 3y
Plant Life (N) 20 y
Accounting Lifetime (Depreciation) (n) 5y
Depreciation Schedule ACRS
Investment Tax Credit (a) 0.1
Discount Rate (1) 0.1
Base Year for Costs (vyy,) 1984
Percentage of Capital Cost for Indirects 20%
and Contingencies (Cy.4)
Effective Amual Income Tax Rate (1) 0.5
Effective Annual Rate for Other Taxes 0.01
and Insurance (8, + B5)
General Inflation Rate {(g) 0.0
Escalation Rate for Capital Costs (g.) 0.0
Escalation Rate for O&M Costs (g.,) 0.0
Computed:
Capital Recovery Factor (CRF, y) 0.1175
Fixed Charge Rate (FCR) 0.1334

The resulting LECs are compared in Figure 10 where the contributions
attributed to capital costs, O&M costs, and indirects and contingencies are
indicated by the shading on the bars. The relative magnitudes of the LECs
for the different systems at the four output temperatures are not
surprising in wview of the performance and cost estimates presented in

Figures 7, 8, and 9. Once again they demonstrate 1) the impracticality of
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SEN transport at high temperatures using a gaseous working fluid; 2) the
economic penalties associated with heat tracing (CS) and high pumping power
(803 wversus CH4 and STM); 3) the comparable economics of the SEN and TC
systems at 400°C; and 4) the increasing economic advantage of TC transport,
in particular the CH4 system, over SEN transport at higher output
temperatures. It is interesting to note that the much higher parasitic
costs of SO3, relative to NAK, are completely offset by its somewhat lower
capital costs and higher energy output so that on a LEC basis the two
systems are quite comparable. Finally, on an absolute level, the CH4 TC
transport system appears closest to meeting the long term STT Program goal
(IPH) of 3 ¢/kWh,, (9 §$/MBtu,,), particularly at the higher output

temperatures.
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OBSERVATIONS

Performance and cost estimates have been generated for sensible and
thermochemical energy transport systems for a large field of paraboloidal
dish collectors producing ~40 MW, of high temperature thermal energy. Two
SEN and two TC transport systems are evaluated at each of four output
temperatures ranging from 400 to 815°C, Reasonable care has been taken to
provide realistic performance and cost estimates. However, as a
consequence of the assumptions and methodology employed, the wvalues are

more meaningful in a relative than in an absolute sense.

Some perspective on the absolute values of the present estimates can be
obtained by comparing them with the results of other transport system
performance/cost analyses presented in Tables 1 & 2. Although the wvalue of
such comparisons 1is limited due to significant differences in the
performance and cost assumptions employed, the following general
observations can be made: 1) collector costs are comparable to, but
somewhat higher than, the values appearing in the tables, and 2) transport
system component and overall costs generally fall within the cost ranges
given in the tables for similar output temperatures, The latter are
closest to the values given by Caputo [l4], somewhat below the values of

Schredder [18], and much lower than the estimates of Nix [15].

Certain aspects of the SEN and TC transport systems that bear on the
comparisons, but are not explicitly included in the analysis, are: 1) the
effect of the corrosive nature of the carbonate salt and S0; fluids on the
performance and costs of these systems; 2) the likelihood that the S0,
system will have to be heat traced (to ~65°C) to prevent S0O; condensation;
3) the effects of side reactions in the (0,/CH, system that have the
potential for water and carbon generation; 4) the likelihood that off-
design (low insolation) operation will cause a much greater reduction in
the performance of SEN transport systems than in that of TC systems because
increased thermal losses in the former, as a result of lower flow rates,

consume an even greater fraction of the absorbed energy than in design
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operation; and 5) the potential of TC tramnsport systems for more rapid
start-up each morning since nighttime thermal losses that need to be made

up are much smaller than SEN system losses.
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CONCLUSIONS

Within the context of the assumptions and methodology employed in the

analysis, the major conclusions are:

1.

At 400°C, despite some performance and cost differences, the
levelized energy costs of the two SEN and two TC transport systems

are about the same.

At higher output temperatures, TC transport is more cost-effective

and is the only viable option at temperatures above 700°C.

The CO,/CH, system has better performance and lower costs than the

S0; system at all output temperatures,

The CO,/CH, TC system iIs the most cost-effectlve transport system
at all temperatures and appears closest to meeting the STT Program

long-term IPH goal of 3 ¢/kWh,, (9 §/MBtuy,) levelized energy cost.

The steam system exhibits the poorest performance and highest
costs of all transport systems at the three highest temperatures.
The use of an all gasesous system for high temperature sensible

energy transport, therefore, is not cost-effective.

The high capital and parasitiec costs required to heat trace the
carbonate salt system illustrate the severe economic penalty that
will be associated with any transport system that needs to be heat

traced.
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APPENDIX A

DETAILS OF PERFORMANCE AND ECONOMICS ANALYSES

Details supporting the SEN and TC performance and economics analyses,
including assumptions, methodology, input data, and computed parameters,
are presented in this appendix.

PERFORMANCE

GENERAL ASSUMPTIONS

Neogw = 690 I,, = 867 Wm?
Deon = 12 m Qf = 67.7 MW
Acoy = 113.10 m? Q; = 210.4 GWh/y
fcoy = 85 % CR = 1500

nrec = T(Qr, 7con» Trecs Agsc)

Operating Time: t,, = 10 (h/d) * 311 (d/y) = 3110 (h/y)
. 4
Shutdown Time: tSD = = (tSD)iNi (h/y)
i=1
Shutdown Time Events
per Event per Year
Event (tsp)y N; (tgp) Ny
(h/event) (event/y) (h/v)
Overnight (ON) 14 276 3864
ON +14d 38 20 760
ON + 2 d 62 11 682
ON + 3 d 86 4 344

A tSD = 5650 (h/y)
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COLLECTOR

SENSIBLE SYSTEMS

CENTRAL

Qp

o )

Operating Conditions

T, =T

o

Qur =

(°C)

NcontirecQr

SUPPLY

$ Qo (To)

RETURN

Schematic of SEN System

Ty = 25  (°C)

(GWh/y) Algy = Ty - T, = -139  (°C)

Steady-State Operating losses

QL = QI(l - ”CON) = 31.56 (GWh/y)
CON
QLR = Qngon(t ~ Tggc) (Gh/y)
EC
QL
(ATf)L/A = % ——ﬁ%—— (°CG) Fluid temperature drop in supply and
j=1 mf c return lines from pipe network
. P P . .
j’f optimization calculations of Larson
and Akau [23]
where : QL = (UA)j(Tf - TA) (kW) Heat loss from pipe segment j
]
T, = Average fluid temperature in piping network
(including both supply and return lines) ("G
T, = Ambient air temperature (°C)
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2k, L,
(UA) .= ns J (kW/K) Thermal conductance of pipe
j (n(xr_/r.). ) .
o' "i'ins segment j
mf = Fluid flow rate in pipe segment j  (kg/s)
J
Ep = Average specific heat of fluid at Tf (kJ /kg-K)
f
m = Number of pipe segments in the supply or return
line from the central conversion point to the most
distant receiver.
ATS = Z(ATf)LIA ATR = ]- 1/2(ATf)L,’A (DC)
T3 = T2 + ATCHX Tl' = T3 - ATR (OC)
Tl = Tz + ATS TREC = Tl + 5 to 1_4 (OC)
lO3 Q.. N
. WF “CON
me = 3 (kg/s)
¢ (T, - T,)
Pe 1 4
Q, = 1078 n s ar.e Q = 10°% 5 AT ¢ (GWh/y)
Lg £p; S OP Ly £°p. R OP
Transient Shutdown Losseg
. —10%% |y Zg [(t ) ] (GWh/¥)
- = = i
Ly i=1] 1 j=1 tr, b SD 71
where: (tSD)i = Shutdown time per event 1
N = Number of shutdown events, 1, per year

Qtr.[(tSD>i] = Heat l?ss from pipe segment j during
event 1

n = Total number of pipe segments, j, in entire
pipe network (both supply and return
lines).

_{(tSD)i }
T.
= (mc_), (T J
Qtrj[(tSD )i] - (mcp)j(Tf L-e (kWh/event)

where: (mcy); = [(pcV)eruia + (PCp¥)pipe + F¥(pcp V) ng]; (kJ /K)

SYL, NAK, and STM:

T,
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UA)
( )J

Lumped thermal capacitance of fluid, pipe, and that
portion of the insulation, F:

F=1- 1 57—t L :
L- (ri/ro)ins 21n(ro/ri)ins

which would contain the energy stored therein at the
average fluid temperature, Ty, for pipe segment j [23]

T = Average temperature of fluid throughout piping network,
supply and return lines, at time of shutdown

(mec_),
Tj = 3600*2?UA)_ (h) Tim? co?sta?t of t@e lumped
i fluid-pipe-insulation mass
for pipe segment j (thermal
conductances are doubled to account for actual
losses in real operating systems)

27rkinsL'
(In(x_/r.) ! 3 (kW/K) Thermal conductance
o "i’ins”j of pipe segment j.

CS: Heat traced to insure line temperatures never decreased below
Ty = 400°G.

Time for fluid temperature to decrease to Ty;:

T . - T
. = -7 ln|—i -2 (h)
HT, 3 T .
] £ A
) (tsp)y
A . _ Tj
For (tSD)i < tHT Qtr.[(tSD)iJ = (mcp)j(Tf - TA) 1 - e
(kWh/event)
(gp)s = Typ Qtr.[(tSD)iJ = (me)y (T - Typ) (kWh/event)
Heat Trace Energy
Q. = 2%10° % _ - Tyt B (ua (GWh/v)
HT HT ~ "A’"sp 2 j

j=1
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where, as above, the thermal conductances are doubled to
account for actual losses in real systems.

CS: Qur = 14.8 (GWh/y)

System Pressure Drop:

The pressure drop through the system, which defines the pressure rise
through the pump (or compressor), App = (p, - Pi)p, 15 estimated by summing
the pressure losses in the central conversion device, the pipe segments and
fittings in the supply and return lines from the central conversion point
to the most distant receiver, and the receiver heat exchanger, as follows:

V2 V2
6-a .|~ 5L & Fel 2
ApP = 10 Pe| = f. allz + % kk e + 5 Apl (MPa)
=1 (%) %8 k=1 Be) 1-1
where: p; = Average fluid density at T, (kg/m?)
f; = f(Re and ¢/d;) Friction factor from the Colebrock

relation (using ¢ = 45.72 pm) for pipe
segment j

L, = Length of pipe segment j (m)

d; = I.D. of pipe segment j (m)

Vf = Bulk fluid velocity in pipe segment j (m/s)

m = Number of pipe segments, j, in the supply and return

lines from the central conversion point to the most
distant receiver

o = Loss coefficient for pipe fitting k

g1
I

Number of pipe fittings, k, in the supply and return
lines from the central conversion point to the most
distant receiver
Ap; = Pressure loss for component 1 (MPa). Values assumed for
these estimates:
Ap(RHX) = 0.069 MPa
Ap(CHX) = 0.24 MPa

Pump Work:

SYL, NAK, and CS:

For steady, adiabatic, incompressible flow:
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3 [mete
WP =10 tOP ;_’7— (GWh/y)
£'P
where: m; = Total mass flow of fluid in the system  (kg/s)

Pump efficiency = 60%

fip
STM:

For steady, adiabatic flow:

6. [methp
W, = 10 tOP[ = ] (GWh/y)
where: Ahp = (he(Ty,Po) - he(Ti,pi))p (kJ/kg)

THERMOCHEMICAL SYSTEMS

COLLECTOR CENTRAL

QLS Wp

ENDO 2 3 e Ac
Qwr®n reac | ] RCP[ i rep[,, | REAC @Qo (To.
7 6 CHX

Cy! | 4RETL?/ | '

Qg

Schematic of TC System

Operating Conditions

Qe = MconrecQz (CWh/y) Tp, =25 (°Cy

Endothermic reaction temperature (927 & 1127 °C)

T,
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Tpee = Ta Ts =T, (°c)

CHLI-'. T3 = TA T7 = TA (°C)
Tl - TB = 25 Tﬁ - T3 = 25 (OC)
S03: T, = 121 T, =121 (°C)
T7 - Tz = 25 T5 - TI’ = 25 (°C)

Remaining temperatures obtained from CLEA code calculations.

Steadv-State Operating Losses

Q  =Q(l-mn.)=31.5 (CWh/y)
LCON I CON
. 103 QWF
My = 57— (kg/s)
£ AhENDO REAC

where: Ah h h

ENDO REAC ~ PprodT1'P1) ™ Preac(Tg:Pg)  (K/ke)

-6.
Q = 107 m.t, (sh

-6.
’ £t =10 "m.t_ _(ah )6-7 (GWh/y)

prod’2-3 QLR £t0p PPreac

where: (Ahprod)2-3 = (h(Tz,pz) - h(T3’P3))prod (kJ/kg)

@h V.7 = (B(Tgp0) - h(T,po)) o (ki/kg)

Transient Shutdown Losses

CH4 : Since the pipelines are uninsulated, the sensible energy in
the gases leaving the recuperators is assumed to be lost
fairly quickly so that the gas temperature in the lines is
close to ambient throughout much of the network. Thus:

iy

for all shutdown periods.

= Negligible

503: To avoid S0; condensation in the lines during shutdowns, the
system is run for a time prior to shutdown with the

52



synthesizer bypassed to eliminate all S0; from the lines.
This would leave the lines filled with S0, and 0,. The
average temperature in the lines is assumed to be 121°C.

The transient shutdown losses are estimated using the
calculation procedure described above for SYL, NAK, and STHM.

System Pressure Drop

System pressure drops were estimated using the same methodology as for
the SEN systems, described above, with the following exceptions:

1. The supply and return lines were treated separately as the
composition of the gases {(reactants and products) and their
temperatures (and hence also their average densities and bulk
velocities) differed between the two lines.

2. The receiver and central conversion component pressure drops were
different:
Ap(ENDO REAC + RCP) = 0.10 MPa
Ap(EXO REAC + CHX + RCP) = 0.069 MPa

Pump Work

For steady, adiabatic, ideal gas flow:
7 - 1

SRR g i e B e

1

8.3141 (kJ/(mol-K))

B3
=g
@®
[a]
o®
w
I

T, = Gas temperature at pump inlet (K)
M; = Gas molecular weight at pump inlet (kg/mol)
v = Isentropic exponent

r = p,/pP; Pressure ratio at pump inlet, where:
Po = P:+ + App

PERFORMANCE PARAMETERS

Values of the principal performance parameters for the sixteen systems
analyzed are presented in Table A-1.
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Table A-1 Performance Parameters

Receiver Transport System Cverall System
T nRec Qupec Qwe M, Qg Q. Quy Ap W, RTAN Q, Tem

System tc) (%) (GWh/y) (GWh/y) (kg/s) {GWh/y) (Gwh/y) (GWh/y) {kPa) (GWh/y) (%) (GWh/y) (%)
a
CH4 400 86 25 154 15 g9 2 0 321 1.7 90 143 66
503 86 25 154 52 3 5 1 460 10.5 74 145 54
NAK 97 6 173 381 15 12 5 476 1.2 80 11 65
SYL 7 6 173 165 15 12 4 545 0.7 81 142 66
CH4 540 86 25 154 16 9 2 0 335 1.9 89 143 63
s$03 86 25 154 56 3 1 2 499 121 69 143 51
NAK 95 8 171 368 20 1 8 465 12 76 132 61
STM 95 8 171 136 20 11 17 360 12.8 50 123 40
CH4 675 76 42 137 13 7 2 i} 305 1.6 D] 128 59
503 76 42 137 52 3 7 2 aa1 10.9 68 125 23
NAK 93 13 166 3aa 21 16 9 462 11 70 120 55
STM 93 13 166 130 21 16 21 361 16.3 35 108 28
CH4 815 76 42 137 21 8 3 0 275 2.3 87 126 57
sS03 76 42 137 94 5 11 2 314 14.7 54 119 35

cs 88 21 158 127 32 21 8 827 0.3 33 97 256
STM 88 21 158 103 32 21 28 354 14.9 21 77 15

a Includes ngoy = 85%.

b Includes Qyy = 14.8 (GWh/y).



ECONOMTICS

INPUTS

Inputs required for computing levelized energy costs (LECs) using the
required revenue methodology of Doane et al. [27] include estimates of the
installed capital costs and annual 0&M costs, which are presented in Tables
A-2 and A-3, respectively, and the estimated annual energy output, Q,,
which is given in Table A-1.

ASSUMPTIONS

Values assumed for many of the economic parameters used in the
calculations are given in Table 6. Values for the remaining parameters are
given below.

First Year of Commercial Operation (y.,) 1984

Price Year of an Expenditure (yp) 1984
Year of a Particular Cash Flow (y.)

Construction: (y; - ¥3) 1981 - 1983

Depreciation: (y; - ¥s) 1984 - 1988
METHODOLOGY

Cursory definitions of the terms in the LEC expression (Equation (6))
are given below. A complete and detalled development of the required
revenue methodology is given in Reference 27.

General Inflation Factor: (L + g)d

where: d = Yo - ¥

Capital Recovery Factor:

CRF - £

LN L ase ot

CRF, y = 0.11746 for r = 10% and N = 20 years
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Table A-2 Installed Capital Costs (1984%)a
Transport System Overall
Sysiem
Bellows Flex Tatal
Endo. Exo. Seals - Hoses, Misc. Working Trans.
T, Insul- Pump/ React. React. User 3 Valves Base Cont. Elec. Fluid System Total
System °c) Piping ation Blower & Recup. & HX HX /ecoll. Valves Controls Charge Costs Costs
¢ d d e ' a

CH4 400 0.672 — 0.100 1.380 0.220 - - 1.380 0.150 0.001 3.903 21.073
SO3 1.056 1.054 0.150 1.380 0.220 - — 0.150 0.010 5.400 22.570
NAK 1.287 1.449 0.300 — — 0.080 1.050 0.500 1.500 7.546 24.716
SYL 0.753 1.142 0.045 — - 0.080 - 0.080 0.550 4.030 21.200
CH4 540 0.679 —_ 0.100 1.380 0.220 — — 0.150 0.001 3.910 21.080
S0O3 1.112 1.074 0.150 1.380 0.220 — — 0.150 0.010 5.476 22.6486
NAK 1.302 2.138 0.300 — — 0.080 1.050 0.500 1.500 8.250 25.420
STM 7.192 4.412 0.750 — — 0.300 - 0.600 0.0001 14.634 31.804
CH4 675 0.783 — 0.125 1.380 0.220 - - 0.150 0.001 4.039 21.209
£03 1.121 1.080 0.200 1.380 0.220 -_ - 0.150 0.010 5.541 22.711
NAK 1.293 2.360 0.200 — — 0.080 1.050 0.500 1.400 8.363 25,533
STM 7.421 5.5186 0.750 — — 0.300 — 0.600 0.c001 15.967 33.137
CH4 815 0.924 — 0.125 1.380 0.220 — — 0.150 0.001 4.180 21.350
s03 1.953 1.301 0.200 1.380 0.220 — — 0.150 0.010 6.594 23.764
Ccs 1.762 6.994 b 0.100 - - 0.200 1.050 0.150 0.590 12.226 29.396
STM™ 7.531 7.455 0.750 - - 0.300 — 0.600 0.0001 18.016 35,186

All costs in M3 unless otherwise specified.

Includes insulation (2.238 M$) and heat trace system (4.756 M$).

Based on 2 k$ per collector.

Based on $500 per seal x 2100 valves.
Assume 2 k§ per colleclor.

2
b
c
1 Includes cost of catalyst, estimated to be $20 per kg.
e
1
[

Includes 140%/m? for concentrators, 305/m? for receivers, and 505/m2 for B.O.P.
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Table A-3 Annual O&M Costs (1984¢$)a

Overall
Transport System Colilector System
Total
Transport
T, System Total
System (*c) Materials Labor Parasitics Costs Costs Costs
b

CH4 400 50 150 101 301 250 551
503 75 150 627 852 1,102
NAK 90 120 71 281 531
SYL 30 120 42 192 442
CH4 240 50 150 111 311 561
503 75 150 728 953 1,203
NAK 90 120 70 280 530
STM 10 120 768 898 1,148
CH4 675 50 150 94 294 544
SO3 75 150 652 877 1,127
NAK 90 120 68 278 528
STM 10 120 976 1,106 1,356
CH4 815 50 150 137 337 587
S03 75 150 884 1,109 1,359
CS 30 250 905 ¢ 1,185 1,435
STM J 10 120 892 1,022 1,272

2 All costs in k$/y unless otherwise specified.
b Based on 6¢/kWh, primarily for pump work.

¢ Includes cost of both pumping (17 k$/y) and heat tracing (888 k$/y).



Total installed capital costs (investment expenditures):

CITot =1+ cind) E CIe

where: CI, = individual or classes of capital expenditures,
e.g., collectors, piping, pumps, reactors, heat
exchangers, controls, working fluid, ete.

These expenditures are assumed to occur in three equal
disbursements over the three year construction period. Thus, the
capital expenditure in year y,, expressed in y, dollars, is:

CI
c1 = Tot

t N
con

Present Value of Installed Capital Costs:

P con 1l + B J
CIPV =1 +g) éé% O
where: P = Yeo - ¥p

j=Yt'yco+1

Present Value of Recurrent Costs (OP, MNT, & FL):

For cost streams that grow at a uniform rate (escalation):

N
b 1+ &y 1+ &, .
(1 + gX) Xo T+ 5 1l - 1+ 5 if ¢ = &y
va - b4
P ; -
(L+g)" X N ifr=g,
where: X = 0P, MNT, or FL

p:4 Cash flow in year y., expressed in y, dollars

g. = The appropriate uniform escalation rate
Depreciation:
Annual Depreciation: DEP, = P, CI,,
where: DEP, = Depreciation in year y, expressed in

vy, dollars
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P, = Depreciation percentage for year y, from
the appropriate ACRS table for n years

Present Value of Annual Depreciation:

DEP P
(DEP)_ - -t . CIV'——'_t'——.
P 1+ )’ PVl + )
where: =93t - Yo+ 1
Pt
also: PV(DEP,) = s (DEP.) = CI__ s|———
£ t topv VEla o+ ol
Depreciation Factor:
PV[DEPt) Pt
DPFm r,n CI -2 i
e pv t (1 + r)J
where: m = method of depreciation
r = discount rate
n = accounting lifetime

DPFy ypn = 0.74978 for m = ACRS, r = 10%, and n = 5 years.

Annualized Fixed Charge Rate:

- 1-7DPF  -oa
FCR = CRF a5 + (B + B,)

FCR = 0.13336 for the present assumptions.

59



This page intentionally left blank

60



DISTRIBUTION:

AAT Corporation
York Rd. & Industry Lane
Cockeysville, MD 21030-0126

Acurex Aerotherm

Attn: H. Morse

555 Clyde Avenue
Mountain View, CA 94039

Alabama A&M University (2)
Department of Physics
Attn: M, D, Aggarwal

A. Tan
P.0. Box 271
Normal, AL 35762

Alpha Solarce
600 Vine St.
Cincinnati, OH 45202

Applied Concepts

Attn: J. S. Hauger
405 Stoney Creek Blvd.
P.0. Box 490

Edinburg, VA 22824

Applied Concepts

Attn: S. Pond

2501 S. Larimer County Rd. 21
Berthound, CO 80513

Arizona Public Service Co. (2)
Attn: J. McGuirk
E. Weber
P.O. Box 53999
Phoenix, AZ 85072-3%99

B&E Technical Services Inc.
Attn: William R. Lang
6314 S. Piccadilly St.
Aurora, CO 80016

Barber-Nichols Engineering
Attn: R, Barber

6325 West 55th Ave,
Arvada, GO 80002

61

BDM Corporation

Attn: W. E. Schwinkendorf
1801 Randolph Street
Albuquerque, NM 87106

Battelle Memorial Institute
Pacific Northwest Laboratory
Attn: K. Drumheller

4000 NE 41st St,

Seattle, WA 98105

Battelle Memorial Institute
Pacific Northwest Laboratory
Attn: T. Williams

P.0. Box 999

Richland, WA 99352

Bechtel Group, Inc.
Attn: P. Delaquil

P.0. Box 3965

50 Beale Street

San Francisco, CA 94119

Black & Veatch

Attn: J. C. Grosskreutz
P.0. Box 8405

Kansas City, MO 64114

Boeing Engineering & Construction

Attn: R. Gillette
P.0. Box 3999
Seattle, WA 98124

Budd Company (The)

Attn: W. W. Dickhart
1515 Atlantic Blwvd.
Audburn Hills, MI 48055

Budd Company (The)

Plastic R&D Center

Attn: K. A, Iseler
356 Executive Drive
Troy, MI 48084

Burns & Roe (2)
Attn: G. Fontana,
R. Cherdack

800 Kinderkamack Road
Oradell, NJ 07649



California Energy Commission
Attn: Alec Jenkins

1516 - 9th Street
Sacramento, CA 95814

Cal Poly State University
Attn: E. J. Carnegie
San Luis Obispo, CA 93407

California Institute of Technology
Aeronautics Library

Attn: Jean Anderson

MS 205-45

Pasadena, CA 91125

California Polytechnic University
Dept. of Mechanical Engineering
Attn: W. B. Stine

Pomona, CA 91768

Chicago Bridge and Iron
Attn: J. M. Shah

800 Jorie Blvd.

Oak Brook, IL 60521

Colorado State University
Attn: T. G. Lenz
Ft. Collins, CO 80523

Columbia Gas System Service Corp.
Attn: J, Philip Dechow

1600 Dublin Road

Columbus, OH 43215

Datron Systems, Inc.
200 West Los Angeles Ave,
Simi Valley, CA 93065-1650

DSET
Attn; G. A, Zerlaut
Box 1850

Black Canyon Stage I
Phoenix, AZ 85029

Donnelly Corporation
Attn; M. DeVries
49 West Third Street
Holland, MI 49423

62

Electric Power Research Inst,
Attn: E. A. Demeo,
J. E. Cummings
3412 Hillview Avenue
Palo Alto, CA 94303

Energy Technology Engr. Ctr.
Rockwell International Corp.
Attn: W. L. Bigelow

P.0. Box 1449

Canoga Park, CA 91304

ENTECH, Inc. (3)

Attn: R. R. Walters,
W. Hesse,
M, 0'Neill

P.0. Box 612246

DFW Airport, TX 75261

Eurodrive, Inc.
30599 San Antonio Rd.
Hayward, CA 94544

Florida Solar Energy Center
Attn: Library

300 State Road 401

Cape GCanaveral, FL 32920

Ford Motor Company

Glass Div., Technical Center
Attn: V. L., Lindberg

25500 West Quter Drive
Lincoln Park, MI 48246

Foster Wheeler Solar Dev. Corp.

Attn: M. D. Garber,

R. J. Zoschak
12 Peach Tree Hill Road
Livingston, NJ 07039

Garrett Turbine Engine Co.
Attn: Ed Strain

111 South 34th Street

P.0. Box 5217

Phoenix, AZ 85010

Georgia Power Co. (2)
Attn: E. Ney,

E. Ellingston
7 Solar Circle
Shenandoah, GA 30264

(2)

(2)



Heery Energy Consultants, Ine,

Project Energy Manager
Attn: Glenn Bellamy

880 West Peachtree St. NW
Atlanta, GA 30309

Highland Plating
Attn: M. Faith
10001 N. Orange Drive
Los Angeles, CA 90038

Industrial Solar Technologies
Attn: Randy Gee

5775 West 52nd Ave.

Denver, CO 80212

Institute of Gas Technology
Attn: Library

34245 State Street

Chicago, IL 60616

Jet Propulsion Laboratory
Attn: M. Alper

4800 Oak Grove Drive
Pasadena, CA 91109

Kearney & Associates
Attn: David W. Kearney
14022 Condessa Drive
Del Mar, CA 92014

LaCour Kiln Service
Attn: J. A. LaCour
P.0. Box 247
Cantonn, MS 39046

LaJet Energy Co. (2)
Attn: Monte McGlaun,
Carl Williams
P.0. Box 3599
Abilene, TX 79604

Lawrence Berkeley Laboratory
Building 90-2024

University of California
Attn: Dr. Arlon Hunt

1 Cyclotron Road

Berkeley, GCA 94720

L’'Garde Inc.

Attn: Mitchell Thomas
15181 Woodlawn Ave.
Tustin, CA 92680-6419

63

John Lucas
865 Canterbury Road
San Marino, CA 91108

Luz International Limited
Attn: Dr. D. W. Kearney
924 Westwood Blvd,

Los Angeles, CA 90024

Martin Marietta Corp. (2)
Attn: Tom Tracey,

H. Wroten
12250 So. Hwy. 75
Littleton, CO 80125

McCarter Corporation
Attn: R. A. Powell
200 E. Washington St.
P.0. Box 351
Norristown, PA 1%404

McDonnell-Douglas Astronautics
Company (3)
Attn: R, L. Gervais,
J. Rogan,
D. Steinmeyer
5301 Bolsa Avenue
Huntington Beach, CA 92647

Mechanical Technology, Inc. (2)

Attn: G. R. Dochat,
J. Wagner

968 Albany Shaker Road

Latham, NY 12110

Meridian Corporation

Attn: D. Kumar

4300 King St.

Suite 400

Alexandria, VA 22302-1508

Midwest Research Institute (2)
Attn: R. L. Martin,
J. Williamson
425 Volker Blwd.
Kansas City, MO 64110



NASA Lewis Research Center

Attn: R. Beremand, M/S 301-2

J. Savino, M/S 301-5
T. McCoy, M/S 301-5
R. Puthoff

R. Corrigan, M/S 500-316é

21000 Brookpark Road
Cleveland, OH 44135

New Mexico Solar Energy Institute

New Mexico State University
Box 3S0L
Las Cruces, NM 88003

Parsons of California
Attn: D. R. Biddle
P.0. Box 6189
Stockton, CA 952006

PG&E (2)
Attn: J. Iannucel,
G. Braun

3400 Crow Canyon Rd,
San Ramon, CA 94583

Power Kinetics, Inc.
Attn: W. E. Rogers
415 River Street

Troy, NY 12180-2822

Renewable Energy Institute
Attn: Kevin Porter

1001 Connecticut Avenue NW
Suite 719

Washington, DC 20036

Research Systems, Inc.

Suburban Trust Bldg.,
Suite 203

Attn: T. A. Chubb

5410 Indian Head Hwy.

Oxon Hill, MD 20745

Rockwell Internatiomal
Rocketdyne Div.

Attn: T. Springer
6633 Canoga Ave,
Canoga Park, CA 91304

Rockwell International

Space Station Systems Division

Attn: I. M. Chen
12214 Lakewood Blwvd.
Downey, CA 90241

Sanders Associates
Attn: J. Kesseli

144 D.W. Highway South
C.S5. 2034

Nashua, NH 03061-2034

Science Applications
International Corp.
Attn: Barry Butler
10401 Roselle Street
San Diego, CA 92121

Solactor Corporation
Attn: Joseph Womack
12900 Auralia Rd.
Miami, FL 33181

Solar Energy Industries Association (2)

Attn: C. LaPorta,
S. Sklar
Suite 610
1730 North Lynn St.
Arlington, VA 22209-200¢

Solar Energy Research Inst.
Attn: B. P. Gupta,
J. Thornton,
M. Murphy,
D. Hawkins
G. Nix
1617 Cole Blwd.
Golden, CO 80401

Solar Kineties, Inc.
Attn: J. A. Hutchison
P.0O. Box 540636
Dallas, TX 75354-0636

Solar Steam

Attn: D. E. Wood
P.0, Box 32

Fox Island, WA 98333

Southern California Edison (2)

Attn: J. N. Reeves,
P. Skvarna

P.0. Box 800

Rosemead, CA 92807

SLEMCO

Attn: A. J. Slemmons
19655 Redberry Dr.
Los Gatos, CA 95030



Stearns-Catalytic Corp.
Attn: T. E. Olson

Box 5888

Denver, CO 80217

Stirling Thermal Motors
Attn; Ted Godett

2841 Boardwalk

Ann Arbor, MI 48104

Sun Exploration and Production Co.

Attn: R. I. Benner
P.O. Box 2880
Dallas, TX 75221-2880

Sun Power, Inc.
Attn: Mac Thayer
6 Byard St.
Athens, OH 45701

Sundstrand ATG
Attn: D. Chaudoir
P.0. Box 7002
Rockford, IL ¢€1125

Sunsteam

Attn: Eric Micko
998 San Antonio Rd.
Palo Alto, CA 94303

Suntec Systems, Inc. (2)

Attn: Harrison Randolph,
J. H. Davison

Suite B-4

Loring Park Office Bldg.

430 Oak Grove §t,

Minneapolis, MN 55403

Swedlow, Inc,

Attn: E, Nixon

12122 Western Avenue
Garden Grove, CA 92645

3M-Energy Control Products (2)
Attn: B. Benson,
J. L. Roche
207-1W 3M Center
St. Paul, MN 55144

Texas Tech University

Dept. of Electrical Engineering
Attn: E. A, O'Hair

P.0. Box 4439

Lubbock, TX 79409

65

TRW (3)

Space & Technology Group

Attn: G. M. Reppucci,
A. D. Schoenfeld,
J. 8. Archer

One Space Park

Redonde Beach, CA 90278

U.S. Department of Energy (3)
Albuquerque Operations Office
ETWMD
Attn: C. Garcia,

G. Tennyson,

N. Lackey
P.0. Box 5400
Albuquerque, NM 87185

U.S. Department of Energy

Office of Solar Heat Technologies
Attn: Fred Morse

Forrestal Building

Washington, DC 20585

U.S. Department of Energy

Office of Solar Heat Technologies
Attn: C. Carwile

Forrestal Building

Washington, DC 20585

U.S. Department of Energy (5)
Division of Solar Thermal Tech.
Attn: Howard §. Coleman,

R. Shivers,

S. Gronich,

M. Scheve,

F. Wilkins
Forrestal Building
Washington, DC 20585

U.S. Department of Energy
San Francisco Operations Ofc.
Attn: R. W. Hughey

1333 Broadway

Oakland, CA 94612

U.S. Rohotics

Attn: Paul Collard
8100 N. McCormack Blvd.
Skokie, IL 60076



University of Houston (2)
Energy Laboratory; SPA
Attn: Lorin Vant-Hull,
A. F. Hildebrandt
Houston, TX 77004

University of New Mexico (2)
Department of Mechanical Engr.
Attn: M. W. Wilden,

W. A. Gross
Albuquerque, NM 87131

Viking Solar Systems, Inc.
Attn: George Goranson
1850 Earlmont Ave.

La Canada, CA 91011

WG Associates

Attn: Vern Goldberg
6607 Stonebrook Circle
Dallas, TX 75240

Australian National University

Department of Engineering Physics

Attn: Prof. Stephen Kaneff
P.O. Box 4
Canberra ACT 2600, AUSTRALIA

DFVLR (2)

Institute for Technical Thermodynamics

W. Schiel

R. Kohne
Pfaffenwaldring 38-40

7000 Stuttgart 80

FEDERAL REPUBLIC OF GERMANY

Attn:

0400 J. A, Leonard

1510 J. W, Nunziato

1513 D, W. Larson

1820 R. E. Whan

1824 J. N. Sweet

1840 R. J. Eagan

1841 R. B. Diegle

1842 R. E. Loehman

1846 D. H. Doughty

2520 N. J. Magnani

2525 R. P. Clark

2540 G. N. Beeler

2541 J. P. Abbin

3141 §. A. Landenberger (5)
3151 W. I. Klein (3)

3154-1 C. L. Ward (8) for DOE/OSTI
3160 J. E. Mitchell

66

4031
6000
6200
6220
6221
6222
6223
6224
6225
6226
6227
6227
6210
7470
7471
8470
8471
8524

LGrErmoSwoDouUDnoNDGEHODGO®

o arfrrEoMaEBadar

Stromherg
Hartley
Dugan
Schueler
Boes

Otts

. Jones

Arvizu
Dodd
Holmes
Muir (10)

Schueler, Actg.

Marshall
Ledman
Stewart
Rinne
Skinrood
Wackerly

(20)





