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This study was carried out in 1976 for the Office of Technology
Assessment (OTA) as a part of their response to the Congress of the
United States on the viability of solar energy systems. The information
contained in this report was included in abbreviated form as an appendix
to the document transmitted by OTA to the Congress in about April 1977.
It is felt that the full text of the ORNL statement would be sufficiently
useful to warrant publication as an independent report.
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FOREWORD

This report has been prepared to describe for the Congress of the
United States the current technology and estimated costs of subsystems
for storing thermal energy produced by solar collectors. The general
format and contents of the report are in compliance with the recommenda-
tions of the Congressional Office of Technology Assessment.

Several individuals and/or organizations in the United States are
currently engaged in research pertaining to thermal energy storage (TES)
materials and devices. The information presented herein is based on
the results of such research available during the early months of 1976.

The report is to be used to serve the following three functions:
(1) it will serve as part of a draft of a paper giving an overview of
solar technology; (2) it will be used to prepare preliminary designs for
a variety of solar systems and to assist in the selection of several
"base-line" designs, which will be subjected to detailed technical and
economic analyses; and (3) it is to serve as a source document for the
team that will perform the detailed analyses.

Each of the storage subsystems selected for study by ORNL are des-
cribed in sufficient detail to provide (1) a layman's understanding of
the physical principles governing the operation of the storage subsystem;
(2) other technical personnel with information to integrate the storage
unit into a solar system containing collectors, prime movers, heating
and cooling units, etc.; and (3) a basis for reviewing the costs and
operating characteristics associated with the storage technique.

3.
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ABSTRACT

This report presents a survey of the current technology and esti-
mated costs of subsystems for storing the thermal energy produced by
solar collectors. The systems considered were capable of producing both
electricity and space conditioning for three types of loads: a single-
family detached residence, an apartment complex of 100 units, and a city
of 30,000 residents, containing both single-family residences and apart-
ments. Collector temperatures will be in four ranges: (1) 100 to 250°F
(used for space heating and single-cycle air conditioners and organic
Rankine low-temperature turbines); (2) 300 to 400°F (used for dual-cycle
air conditioners and low-temperature turbines); (3) 400 to 600°F (using
fluids from parabolic trough collectors to run Rankine turbines); (4)
800 to 1000°F (using fluids from heliostats to run closed-cycle gas
turbines and steam Rankine turbines). The solar thermal energ¥ subsystems
will require from 60 to 36 x 10° kWhr (2.05 x 10° to 1.23 x 10'0 Btu)
of thermal storage capacity. '

Thermal energy in the form of either "hotness" or '"coldness' can be
stored in a variety of media as sensible heat by virtue of a change in
temperature of the matérial or as latent heat of fusion in which the
material changes from the liquid phase to the solid phase without an
appreciable change in temperature. Both types of material have been
used in thermal energy storage (TES) units.

In hotness storage, thermal energy is added to the TES medium,
raising the temperature of sensible heat storage materials or melting
the latent heat materials at constant temperature. In coldness storage,
thermal energy is extracted from the medium, resulting in a decrease in
temperature of sensible heat storage materials or constant-temperature
freezing of latent heat materials. In both cases a temperature differ-
ence must exist between the thermal conveyance material and the TES
medium to provide a driving force for heat transfer.

In addition to sensible heat and latent heat storage materials,
several other media were investigated as potential thermal energy storage
materials, including the clathrate and semiclathrate hydrates, various
metal hydrides, and heat storage based on inorganic chemical reactionms.



1. INTRODUCTION

This report has been prepared to describe for the Congress of the
United States the current technology and estimated costs of subsystems
for storing thermal energy produced by solar collectors. The general
format and contents of the report are in compliance with the recommenda-
tions of the Congressional Office of Technology Assessment (COTA).

One of the principal problems associated with application of solar
electric conversion for residential consumption is the potential incom-
patibility that can exist between the available solar insolation and the
thermal/electric demand for space heating and cooling, domestic hot
" water production, and electricity. This problem can be partially
alleviated with a thermal energy storage (TES) subsystem that extends
or defers the electrical generation capability and stores sufficient
heat for use during periods of extended cloud cover and/or nighttime
usage.

The amount of solar energy received on the earth's surface is esti-
mated to be about 22,500 times the present worldwide energy usage of
1.8 x 1017 Btu/year.! Because of the low intensity and intermittent
nature of solar energy, the problem is to convert this energy to a useful
form. Since solar energy at the earth's surface is not continuously
available, practical systems for solar energy conversion require an
energy storage device. The conversion and energy storage methods must
be economically attractive as well as sufficiently efficient for their
use to be initiated.

Representative nondimensional solar insolation data for clear days
are shown in Fig. 1.1, assuming a winter optimized heliostat field.?
Effective solar insolation ceases at about 4:30 PM on winter solstice
and extends to approximately 7:30 PM on summer solstice. By comparison,
the peak winter electrical demand for typical residential units occurs
between 6:00 PM and 12 midnight. Obviously, if electricity is to be
produced around the clock from solar energy, the energy must be stored
during hours when it is plentiful for subsequent use during the hours
when electrical demand is high but solar insolation is minimal or
nonexistent.

This report will discuss the costs and performance characteristics
of devices for storing the thermal energy produced by solar collectors.
The systems considered were capable of producing electricity and both
electricity and space conditioning for three types of loads: a single-
family detached residence, an apartment complex of 100 units, and a city
of 30,000 residents, containing both single-family residences and apart-
ments. Collector temperatures will be in four ranges: (1) 100 to 250°F
(used for space heating and single-cycle air conditioners and organic
Rankine low-temperature turbines); (2) 300 to 400°F (used for dual-cycle
air conditioners and low-temperature turbines); (3) 400 to 600°F (using
fluids” from parabolic trough collectors to run Rankine turbines); (4)
800 to 1000°F (using fluids from heliostats to run closed-cycle gas



ORNL-DWG 77-19909

SUMMER
SOLSTICE

. L\wm‘rsn .
SOLSTICE ]
-

Fig. 1.1. Integrated nondimensional solar receiver heat flux.
Source: By permission from J. E. Raetz, C. R. Easton, and R. J. Hall,
"The Selection and Use of Energy Storage for Solar Thermal Electric
Application,'" IECEC Paper 759088, in Record of the Tenth Intersociety
kmergy Conversion Engineering Conference, Institute of Electrical and
Electronics Engineers, Inc., Hew York (August 1975), Fig. 2, p. 576,

turbines and steam Rankine turbines). The Office of Technology Assess-
ment will be examining systems that will require from 60 to 36 »x 10° kWhr
(2,05 x 10° to 1.23 x 1010 Btu) of thermal storage.

For each application, one or two specific storage techniques will
be chosen. These systems will be selected using the following criteria:
1. engineering feasibility in the next five to ten years;

2. amount of detail availahle nn the cost and pcrformance of the
system.

It should be possible to use one storage technique for many of the tem-
perature regimes listed in the previous paragraph.
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2. SOLAR ENERGY UTILIZATION IN RESIDENTIAL UNITS

Solar energy can be utilized in residential units through its con-
version to electricity to supply the electrical needs of the household
and/or directly as thermal energy for space heating, space cooling, and
domestic water heating. This section discusses the requirements of
solar-thermal-electric conversion systems to provide the domestic elec-
tric load, the domestic water heating load, and the space heating and
cooling (air conditioning) load for three categories of load types: a
single-family detached residence, an apartment complex of 100 units, and
a reference city of 30,000 residents, including single-family housing
units, apartments, and any associated commercial establishments.

2.1 Single-Family Residence

Residential energy requirements for single-family housing units
have been investigated and reported in ref. I. Detailed quantitative
thermal analyses were performed on a typical single-family residence in
the Baltimore-Washington area. Thermal modeling techniques were adopted
to identify the energy profile of a typical residence and to evaluate
concepts whereby the energy consumption could be minimized. As a point
of reference for these analyses, a characteristic house was synthesized
to represent current trends in residence construction and use of energy-
consuming appliances.

The characteristic single-family detached dwelling was defined by a
set of structural parameters and by a set of energy consumption param-
eters, which are listed in Table 2.1.

To perform a detailed energy analysis of a typiral residence and
its components, specific internal load and structural parameters must he
determined based on the description of a characteristic house such as is
given in Table 2.1. The internal energy consumption parameters include
the average annual energy inputs to the house due to the occupants and
the use of appliances and lights. Although seasonal variations in the
use of appliances and lights exist, data ohtained from the utilitico in
the Baltimore-Washington area indicated that such variations are rela-
tively small. Consequently, average daily energy inputs to the char-
acteristic house for the use of appliances and lights were taken as
1/365 of the annual values shown in Table 2.1. Figure 2.1 shows the
average daily energy input profile for appliances, and Fig. 2,2 chowo
the profile for lights.

The approximate wattage rating and estimated annual kilowatt-hour
consumption of electrical appliances under normal household use (1969
data) are given in Table 2.2.2 Tn 1969 the average all-elcctric-home
customer used about 20,000 kWhr of electrical energy. By 1990 the cor-
responding average annual use is expected to be about 33,000 kWhr. The
hourly variation factors for particular load types can be as given in



Table 2.1.

detached dwelling in the Baltimore-Washington area

Design parameters for the characteristic single-family

STRUCTURAL PARAMETERS:

Number of stories
Basement
Garage
Floor area, ft2
Construction type
Exterior walls:
Outside surface
Sheathing
Insulation
Inside surface
Ceiling insulation®
Attic
Roof
Windows:
Type
Glazing
Area, ft2
Exterior doors:
Type
Number
Total area, ft2
Patio door:
Type
Glazing
Area, ft2

Two

Full (unfinished)
Attached, open carport
1695 finished

Wood frame

Wood shiplap

Plywood, 1/2 inch

R-7 batting *

Drywall, 1/2 inch

Loose fill blown-in, 5 inches
Ventilated, unheated
Asphalt shingles

Aluminum casement
Singlz
180

Wooc panel
3 .
60

Aluminum frame
Single ’
40

R7 equivalent to 2-1/4 in. fiberglass batting.

Energy consuming equipment:

Heating system
Cooling system
Hot water heater
Cooking range
Clothes dryer
Refrigerator /Freezer
Lights

Color TV
Furnace fan
Dishwasher
Clothes washer
I[ron

Coffee maker
Miscellaneous

Exterior glass areas

External landscaping
Dwelling facing
External colors
People

Weather

Garage location

ENERGY CONSUMPTION PARAMETERS:

Forced air, gas

Forced air, electric

Gas

Gas (90 therms/year)*

Gas

Electric (1830 Kw-hr/year'
Electric (2000 Kw-hr/year)

. Electric (500 Kw-hr/year)*

Electric (394 Kw-hr/year)=
Electric (363 Kw-hr/year)*
Electric (103 Kw-hr/year)*
Electric (144 Kw-hr/year):
Electric (106 Kw-hr/year)x
Electric (1200 Kw-hr/year’

* Energy input to structure due to use of item.

Factors affecting heating/cooling load: (Base case)

70% draped

20% shaded

10% open

Patio door on south wall
No awnings, no storm wind
No shading effect

North

White roof and walls

Two adults, two children
Data for 1954 from Baltim.
weather station

West side

Source:

Report, HUD-HAI-Z2, Hittman Associates, Columbia, Md.

Table IIE, p. 13.

Residential Energy Consumption, Single-Family Housing — Final
(March 1973),
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Fig. 2.1. Profile of the average daily heat input to the charac-
teristic house due to the use of appliances. Source: 1
Conaumption, Single-tamily lHousing — Finul Repurl, HUD-HAI-2, Hittman

Associates, Columbia, Md.

(March 1973), Fig. '10, p. 25.

Residential Energy
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Fig. 2.2. Profile of the average daily heat input to the charac-
teristic house due to the use of lights. Source: Residential Energy
Consumption, Single-Family Housing — Final Report, HUD-HAI-2, Hittman

Associates, Columbia, Md. (March 1973), Fig. 11, p. 26.



Table 2.2.

kilowatt-hour consumption of electrical appliances

Approximate wattage rating and estimated annual

under normal use (1969)

Appliance Average Estimated KWH Appliance Average Estimated KWH
Wattage Consumed Annually Wattage Consumed Annually

Air Conditioner Iron (hand)........... 1,088 144

(window)........... 1,566 1,389 Iron (mangle)...... ... 1,494 158
Bed Covering......... 177 147 Oil Burner or Stoker. .. 266 410
Broiler. .............. 1,436 100 Radio................ 7 86
Carving Knife......... 92 8 Radie-Phonograph. ... . 109 109
Clock. .. 2 17 Range............... 12,207 1,175
Clothes Dryer. . ....... 4,856 993 Refrigerator (12 cu ft). . 241 728
Coffcc Maker. ........ 894 106 Refrigerator
Cooker (eggs)......... 516 14 (Frostless 12 cu ft). . . 321 1,217
Deep Fat Fryer........ 1,448 83 Refrigerator-Freezer
Dehumidifier.......... 257 3717 (M4cuft)........... 326 1,137
Dishwasher. .......... 1,201 363 Refrigerator-}'rcczer
Fan (attic)............ 370 291 (Frostless 14 cu ft). .. 615 1,829
Fan (circulating) e 88 43 Roaster. . ............ 1,333 205
Fan (furnace)......... 292 394 Sewing Macine........ 75 11
Fan (roll-about)....... 171 138 Shaver............... 14 18
Fan (window)...... ... 200 170 Sun Lamp............ 279 16
Floor Polisher...... ... 305 15 Television (B&W). . ... 237 362
Food Blender. .. ...... 386 15 Television (Color). . . .. 332 502
Food Freezer (15 cu ft). 341 1,195 Toaster. . ............ 1,146 39
Food Freezer Tooth Brush.......... 7 5

(Frostless 15 cu ft). .. 440 761 Vacuum Cleaner. .. ... 630 46
Food Mixer......... .. 127 13 Vibrator. . ........... 40 2
Food Waste Disposer... 445 30 Waffle Iron. .. ........ 1,116 22
Frying Pan........... 1,196 186 Washing Machine
Germicidal Lamp...... 20 141 (Autamatic) . ... ... 512 103
Grlil (sandwich).. ... .. 1, 1hl KX] w;shmg Machine
Hair Dryer. .......... 381 14 (Non-automatic). . . . 286 76
Heat Lamp (infrared). . 250 13 Water Heater
Heat Pump.......00 0 11,848 16,003 (Standard). .. ...... 2,475 4,219
Heater (radiant)....... 1,322 176 Water Heater ! !
Heating Pad.......... 65 10 (Quick Recovery)... 4,474 4,811
Hot Plate............. |,257 90 Water Pump ......... 460 231
Humidifier........... 117 163

Source: The Technical Advisory Committee on Load Forecasting Methodology
for the National Power Survey, 'The Methodology of Load Forecasting," in
The 1970 National Power Survey, FPart I, Federal Power Commission,

Washington, D.C., 1970, Table 3.3, p. I-3-9.

o



Table 2.3.3 This table shows the ratio of the demand of a particular
type of load at hourly intervals to the maximum demand of that par-
ticular type of load.

2.2 Multifamily Housing

An analysis of multifamily dwelling units is given in ref. 4, which
characterizes the design and construction of recent and new multifamily
structures in the Baltimore-Washington area, including:

1. town house apartments — typically two-story structures with common
party walls between dwelling units; each dwelling unit having a
roof exposed to weather.

2. low-rise apartments (also called garden-type apartments) —
typically not more than four stories, without elevators and interior
halls, and having enclosed or open stairwells which serve up to
four apartments per floor.

3. high-rise apartments — typically structures with more than four
stories, central elevators, interior halls, and central heating,
ventilating, and air-conditioning systems.

The total energy consumption and types of energy-consuming equipment as
a function of the energy type at the point of use was established for
each of the multifamily housing types.

Figure 2.3 shows the appliances provided in multifamily projects in
the eastern region of the United States. These are percentage values
for appliances included in the rent or sale of a dwelling unit and do
not include similar appliances that may be installed by the occupant.
For example, occupant-owned refrigerators would probably raise the
saturation level to 1007 in town house and low-rise projects.

Figure 2.4 shows estimated annual electrical energy consumption for
all-electric master-metered apartment projects. This figure shows that
the consumption on a per-square-foot basis depends on the size of the
apartment and on the number of apartments per meter. The increase in
energy consumption per unit area as the apartment area increases is
probably primarily due to related income and life-style patterns of the
occupants. The decrease in energy consumption per unit with an increase
in the number of apartments per meter is primarily due to decreasing
average heating and cooling requirements per apartment as the number of
apartments per structure increases. This is because the percentage of
end and tup~floor apartmentc, which have the highest heat gains and
losses, decreases as the number of apartments (and stories) increases.
Also, as the number of units increases, the energy consumption per unit
for building auxiliary equipment decreases.

Pertinent data were used to compute the electrical energy consump-
tion for the characteristic low-rise and high-rise apartments on the
assumption that they would be all-electric and master-metered. The
results are shown in Fig. 2.5. 1In addition to the total consumption,



Table 2.3. Hourly variation factors
Heat pumpa Water heater
Lighting fefri Air Cooling Heating . opwH®
Hour and . o . .87 Home Rangs condi- season  season ouse ;4 i Uncon- Clothes
. erator freezer PO heating Both Only d
misc. : tioning elements bottom trolled dryer
re- elements
stricted re-
stricted
12M 0.32 0.93 0.92 0.02 0.40 G.42 0.34 0.11 .41 0.61 0.51 0.03
1 0.12 0.89 0.90 0.0 0.3% G.35 0.49 0.07 0.33 0.46 0.37 0.02
2 0.10 0.80 0.87 0.01 0.36 Q.35 0.51 0.09 0.25 0.34 0.30 0
3 0.09 0.76 0.85 (.01 0.3% 0.28 0.54 0.08 C.17 0.24 0.22 0
4 0.08 0.79 0.82 (¢.01 0.3% 0.28 0.57 0.13 C.13 0.19 0.15 0
5 "0.10 0.72 C.84 0.0z 0.33 0.26 0.63 0.15 G.13 0.19 0.14 0
6 0.19 0.75 ¢G.8 C.0: 0.30 0.26 0.74 0.17 a..7 0.24 0.16 0
7 0.41 0.75 0.8 .30 D.41 0.35 1.00 0.7 0.27 0.37 0.46 0
8 0.35 0.79 0.8€ .47 J).53 0.49 0.91 1.00 0.47 0.65 0.70 0.08
9 0.31 0.79 0.86 0.28 9D.62 0.58 0.83 0.97. 0.€3 0.87 1.00 0.20
10 0.31 0.79 0.87 0.22 0.72 0.70 0.74 0.68 0.€7 0.93 1.00 0.65
11 0.30 0.85 0.90 0.22 0.74 0.73 0.60 0.57 0.€7 0.93 0.99 1.00
12N 0.28 0.85 0.92 0.33. 0.80 0.84 0.57 0.55 0.67 0.93 0.98 0.98
1 0.26 0.87 0.96 0.25 0.86 0.88 0.49 0.51 0.51 0.85 0.86 0.70
2 0.29 0.90 0.98 0.15 0.89 0.95 9.46 0.49 0.55 0.76 0.82 0.65
3 0.30 0.90 0.99 0.17. 0.96 1.00 0.40 0.48 0.49 0.68 0.81 0.63
4 0.32 0.90 1.00 - 0.24% 0.97 1.00 0.43 0.44 0.33 0.46 0.79 0.38
5 0.70 0.90 1.00 0.80 0.99 1.00 0.43 0.79 0 0.09 0.75 0.30
-6 0.92 0.90 0.99 1.00 1.00 1.00 0.49 0.88 2 0.13 0.75 0.22
7 1.00 0.95 0.98 0.30 GC.91 0.88 0.51 0.75 J 0.19 0.80 0.26
8 0.95 1.00 0.98 0.12 0.79 0.73 0.60 0.54% 1.00 1.00 0.81 0.20

0T



Table 2.3 (continued)

Heat pumpa

Water heaterb

\ . e
Lighting . ) ) Air Cooling Heating OPWH
Refrig~ FEome .- season season House
Hour and Range condi- . Uncon- Clothes
- erator freezer P heating Both Only d
misc. tioning elements bottom trolled dryer
re- elements
stricted re-
stricted
9 0.85 0.95 0.97 0.09 0.71 0.72 0.54 0.42 0.84 0.98 0.73 0.18-
10 0.72 0.88 0.96 0.05 0.64 0.53 0.51 0.27 0.67 0.77 0.67 0.10
11 0.50 0.88 0.95 0.04 0.55 0.49 0.34 0.23 0.54 0.69 0.59 0.04
12M 0.32 0.93 0.92 0.02 0.40 ‘9.42 0.34 0.11 0.44 0.61 0.51 0.03

U oad cycle and maximum diversified

insulation, among other factors.

demand are dependent upon outside temperature, dwelling construction and

bLoad cycle and maximum diversified demands are dependent upon tank size, and heater element rating; values

shown apply to 52-gal

°Load cycle dependent upon schedule

tank, 1500-

and 1000-W elements.

oZ water heater restriction.

Hourly variation factor is dependent upon living habits of individuals; in a particular area, values may be
different from those shown.

Source: By permission from L. W. Manning, 'Load Characteristics,'

Book' — Distribution Systems, lst Ed., Westinghouse Electric Corporation, Table 2, p. 37.

in Electric Utility Engineering Reference
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Fig. 2.3. Appliances provided in multifamily projects in the eastern
region of the United States, Source: Residential Fnerqy Consumption,
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Columbia, Md. (October 1972), Fig. 31, p. 37.
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the following components are identified: base, space cooling, cooking,
water heating, and space heating. These are average values; higher
values might be expected for the cooling and heating of end and top-
floor apartments, whereas lower values might be expected for inter-
mediate apartments. The base consumption includes lights and appliances
in the apartments plus pro rata common consumption such as hall lights,
building maintenance, elevators, and corridor air conditioning.

The Northern Natural Gas Company has metered the electrical energy
demand and consumption of commercial buildings and correlated the infor-
mation on the basis of building type and square feet of building area in
a special reportS to the Group to Advance Total Energy. The electrical
load profile for a typical operating day for an apartment building is
presented in Fig. 2.6. This profile shows that the peak load for an
apartment building occurs between 6 PM and 9 PM.

2.3 Reference City

The reference city is conceived as a hypothetical new community of
30,000 residents that contains a variety of single-family residential
units, apartment units, and associated commercial establishments. Elec-
trical energy would be distributed to the city from a strategically
located solar energy center. The energy would be generated by a type of
ground-based solar-thermal conversion system using conventional col-
lectors, and the energy would be stored in one of the available thermal
energy storage media. Conventional electric generating equipment would
be used to produce the electrical energy.

From the standpoint of solar energy storage, the relationship
between peak day load patterns and solar insolation must be established
for the reference city solar energy center. The energy requirements for
the center can be estimated from the kilowatt-hour residential and
commercial consumption data in Table 2.4 (reprinted from ref. 6).

The solar energy center for the reference city should be designed
to provide at least the average amount of electricity required for the
residential and commercial sectors. Table 2.4 shows that the sale of
electrical energy to these sectors in 1975 was 1003.2 x 10° kWhr. The
population of the United States at midyear 1975 was estimated at 213.5
x 10° persons; therefore, the average per capita consumption of elec-
trical energy by the residential and commercial sectors amounted to
4699 kWhr per year per person. For a city with a population of 30,000,
the electric energy requirements should, therefore, amount to at least
141 x 10% kWhr per year or an average of 3.86 x 10° kWhr per day.

The demand of an installation or system is the load at the receiving
terminals averaged over a specified interval of time. The maximum
demand is the greatest of all demands that have occurred during the
specified period of time. The diversified demand is the demand of a
composite group of loads and is the value that must be considered in
selecting the generator equipment for the reference city. A typical
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Table 2.4.

Population, new households, and electric utility sales in the
contiguous United States through 1995

Population at

New households

Electric utility sales, 10°% kWhr

Year’ mid-year Dwe}ling . At J
, % 106 ? units, mid-year, Residential Industrial Commercial Other Total
x 103 x 108
1964 191.9 1563 56.5 262.0 409.4 183.5 35.5 890.4
1965 194.3 151D 57.7 281.0 433.4 202.1 37.0 953.4
1966 196.6 1196 58.6 306.6 465.1 225.9 41.5 1039.0
1967 198.7 1322 59.6 331.5 486.0 242.5 47.0 1107.0
1968 200.7 1545 61.2 367.7 518.8 265.2 50.6 1202.3
1969 202.7 1500 62.5 407.9 557.2 286.7 55.4 1307.2
1970 204.9 1469 63.8 447.8 572.5 312.8 58.3 1391.4
1971 207.0 2085 65.2 479.1 592.7 333.8 60.9 1466.4
1972 208.8 2379 67.1 511.4 639.5 361.8 65.0 1577.7
1973 210.4 2058 68.7 554.2 687.2 396.9 64.9 1703.2
1974 211.9 1352 70.3 555.0 689.4 392.7 63.7 1700.8
Forecast
1975 213.5 1265 71.8 586.9 650.7 416.3 65.8 1719.7
1976 215.1 1850 73.3 626.1 716.7 445.4 67.9 1856.1
1977 216.8 2000 74.8 662.5 814.8 472.1 70.2 2019.6
1978 218.6 1900 76.2 699.2 878.9 500.5 72.5 2151.1
1979 220.5 1850 77.6 734.2 893.3 528.0 74.9 2230.4
1980 222.5 1850 79.0 770.0 971.4 554.4 77.4 2373.3
©1981 224.5 1825 80.4 806.0 1073.4 582.1 80.0 2541.5
1982 226.5 1825 81.8 842.0 1153.0 611.2 82.7 2688.9
1983 228.5 1825 83.1 877.7 . 1198.1 641.8 85.5 2803.1
1984 230.5 1830 84.4 913.8 1303.1 670.7 88.3 2976.0
1985 232.5 1820 85.7 950.5 1404.6 700.8 91.3 3147.3
1990 242.0 1800 91.7 1151.2 1877.0 873.4 110.5 4012.0
1995 250.0 1800 97.7 1507.1 2455.4 1168.5 134.8 5265.8

Source: By permission from "26th Annual Electrical
35-50 (1976).

Industry Forecast,'" Electr.

World, 184(6):

LT
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weekday load pattern of a metropolitan district utility is shown in Fig.
2.7,7 which illustrates the method of determining the maximum demand of
a diversified group of loads such as would be characteristic of the
reference city having residential, commercial, and some industrial
loads.
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Fig. Z.f. Characteristic metropolitan weekday load pattern.
Source: By permission from D. G. Fink (ed.), Standard Handbook for
'Eleotrical Engineers, 10th ed., McGraw-H1ll, New York, 1968.

The daily load curve is a composite of demands made by the various
categories of consumers. Industrial users make their heaviest demands
in the moruing, and a considerable part of the load has disappeared
before demand for lighting in the afternoon nears its peak. Commercial
users make their heaviest demands in the afternoon and early evening.
The highest demand for residential lighting occurs from 7:00 to 8:00 PM,
- when commercial demand has receded from its peak and is rapidly dis-
sipating. Air conditioning is shifting these curves for some systems to
create daytime peaks during hot weather. Electric house heating builds
heavy evening and morning loads during cold weather.

Figure 2.8 from The 1970 National Power Survey? shows peak day load
patterns for selected systems by Federal Power Commission region. As
shown in Fig. 2.8, the energy and demand patterns generally change from
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season to season. Most of the changes are directly related to weather
influences, such as temperature, wind, and light conditions. 1In the
southern states an annual system peak usually occurs during periods of
extremely high temperatures and is generally a daytime peak. In the
regions where the annual system peak occurs in the winter, it frequently
occurs in the late afternoon when darkness, low temperatures, and
lighting combine to create a peak demand. In systems with heating
loads, darkness and low temperatures have sufficient effect to cause the
peak to occur in January or February. However, in systems with an even
greater amount of heating load, the peak may shift to a morning hour.
These kinds of effects of weather on system peak demand must be con-
sidered when analyzing the requirements for solar thermal energy storage.
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3. SOLAR ENERGY CONVERSION SYSTEMS

Four types of systems for the three categories of load types des-
cribed in Sect. 2 are proposed for the direct conversion of solar energy.
These systems, listed as follows, are considered to be within the realm
of engineering feasibility and are conjectured to utilize solar energy
at capital and operating costs that may be reasonable relative to com-
parable costs of other energy systems:

1. space and domestic water heating systems,
2. space cooling (air conditioning) systems,
3. total energy systems,

4., solar-electric power genelatluu.

3.1 Space and Domestic Water Heating Systems

The simplest solar energy conversion systems are those designed for
space and domestic wateér heating. In such systems, an inclined,
southerly facing, flat collector is coupled with a heat storage system
from which heat can be drained when required. A typical system for
space heating of buildings by solar energy is shown in Fig. 3.1.1 This
system contains four heat transfer loops:

. collector-to-furnace plenum,

. collector to storage,

. storage-to-furnace plenum,

. furnace plenum to conditioned space.

SN

" Thermal energy storage in this system can be accomplished by using
either sensible heat or latent heat storage materials. Latent heat
storage for solar space heating requires less volume than sensible heat
storage, and the heat can be stored at essentially constant temperature.
A disadvantage of latent heat storage, however, is the need for a heat
exchanger between the heat transfer loop medium and the storage medium;
in sensible heat storage, the two media (water) can be the same, thus
avoiding the need for a heat exchanger. Latent heat and sensible heat
storage units for solar heating of buildings are adequately described
in refs. 1 and 2, The advantages vs the disadvantages of thermal energy
storage in water have been -analyzed in ref. 3.

3.2 Solar Space Cooling (Air Conditioning) Systems

An assessment of solar-powered cooling of bulldings using Rankine-
cycle engines or absorption-cycle equipment is presented in ref. 4. 1In
the case of the Rankine engine, the thermal energy is convereted to a
mechanical output that is used to drive a vapor compression refrigeration
machine to cool the building. In the case of the absorption equipment,
the thermal energy input directly produces the cooling function.
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Figure 3.2 shows the system configuration for the concept using the
Rankine cycle, and Fig. 3.3 shows the configuration for the solar
absorption concept. These are basically the same, the absorption
refrigeration machine being thermodynamically equivalent to a Rankine
cycle driving a vapor-compression refrigeration cycle.

The high-temperature thermal storage provides a means of storing
energy collected during the day for use at night. The low-temperature
thermal storage provides a means of leveling the diurnal peaks in the
cooling load. This permits the use of a smaller capacity refrigeration
machine than would be necessary without storage.



24

ORNL—-DWG T7-19040

SOLAR SOLAR COOLING
ENERGY-8| ENERGY LoAD
INPUT COLLECTOR

t | \

HIGH- TEMPERATURE LOW- TEMPERATURE
THERMAL ENERGY THERMAL ENERGY
STORAGE AUXILIARY STORAGE
ENERGY

INPUT [}
| J i
VAPOR
RANKINE COMPRESSION
CYCLE REFRIGERATION

CYCLE

- HEAT
SINK
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(April 1975).
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3.2.1 Solar Rankine cooling

The Rankine cycle is a closed sequential series of thermodynamic
processes that converts heat energy into mechanical energy. This con-
version is effected by means of sequential changes of the state conditions
of a circulating working fluid. In particular, the fluid undergoes
changes in phase, pressure, and temperature.

In common with other cycles for the conversion of heat energy to
mechanical energy, the Rankine cycle receives heat energy from a heat
source at some temperature higher than the ambient temperature, con-
verts some of this heat energy to mechanical energy, and rejects the
remaining heat energy to a heat sink at or near the ambient temperature.

The basic components of a Rankine cycle are a boiler, an expander, a
condenser, and a pump. The working fluid is evaporated in the boiler by
means of a heat input, provided by solar energy in the case of the design
mode of the solar Rankine concept. The vapor expands to a lower pres-
sure and a lower temperature in the expander, thereby providing shaft
power. The expander may take the form of a turbine, a piston engine, or
a rotary engine. The vapor exhausted by the expander is converted back
to the liquid state by giving up heat to a cooling medium, such as water
or air, in the condenser. The liquid is then pumped to a higher pres-
sure and returned to the boiler to complete the cycle. -In the solar
Rankine cooling concept, the net power output of the cycle is used to
drive a vapor-compression refrigeration machine used for space cooling.

Water is the most common working fluid for Rankine cycle engines
operating at high temperatures. However, for the low operating tempera-
tures attainable with flat-plate and medium-concentration solar col-
lectors, the thermal efficiencies obtainable with water are too low to
make it a practical fluid. Numerous research studies have resulted in
the identification of many organic fluids with thermodynamic properties
suitable for low-temperature Rankine cycles. Chemical stability con-
siderations generally limit maximum cycle temperatures for organic
fluids to approximately the 400 to 800°F range, depending on the fluid.

3.2.,2 Solar absorption cooling

The absorption refrigeration cycle driven by solar energy is an
alternative to solar-powered cooling using the Rankine cycle. Although
significantly different in their physical implementations, the absorp-
tion cycle and the vapor-compression cycle driven by a Rankine cycle are
thermodynamically equivalent in the "black box'" sense. That is, both
are trhermally driven and perform the function of pumping heat out of a
cooled space into a heat sink. They differ primarily in the manner in
which the refrigerant is compressed. 1In the Rankine cycle, the thermal
input is converted to shaft power, which drives a vapor compressor;
whereas, in the absorption cycle, the thermal energy is used to obtain a
concentrated absorbent solution by evaporation of refrigerant. This
concentrated solution is then used to absorb refrigerant vapor, thereby
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effecting the equivalent of compression because of the large reduction
in the refrigerant specific volume as it passes from the vapor to the
liquid state.

Absorption refrigeration systems operate on the basis of heat-
driven, two-pressure cycles. - In such cycles a vaporizable liquid is
used as the refrigerant and a second liquid as the absorbent. The
absorption cycle consists essentially of four basic components:
absorber, generator, condenser, and evaporator.

The cycle contains two working fluids, the refrigerant and the
absorbent, the latter being a solution containing both refrigerant and
absorbent. The operation may be described by starting with the generator,
which is on the high pressure side of the cycle. The generator receives
dilute absorbent from the pump. As this solution passes through the
generator, the thermal energy input causes evaporation of some of the
refrigerant, which is much more vnlatile than thc absorbent, Lliereby con-
centrating the absorbent. The refrigerant vapor flows into the condenser,
where it is condensed by rejection of heat to a heat sink. The liquid
refrigerant then flows through an expansion valve, with pressure reduc-
tion, to the evaporator. The evaporator, heat from the space to be
cooled causes boiling and evaporation of the refrigerant at low tempera-
ture. The refrigerant vapor then flows from the evaporator to the
absorber.

In the absorber, the refrigerant vapor is dissolved in the absorbent,
thereby causing a large decrease in the refrigerant specific volume,
while maintaining the low pressure on this side of the cycle. The dilute
solution is then pumped to the generator to continue the process. The
absorption process is exothermic, the heat of absorption being equal to
the sum of the heat of condensation of the vapor and the heat of dilu-
tion of the absorbent. This heat is discharged to a heat sink.

For generator temperatures on the order of 200°F, such as might be
provided by a flat-plate collector, the generator would be of the single-
effect type; that is, all of the refrigerant evaporation would occur in
one vessel. If higher temperatures are available, such as from medium-
concentration collectors, more efficient designs are attainable at the
expense of greater complexity by the use of multiple-effect generators.
In such designs the generator has two or more sections, called effects,
in which the refrigerant is evaporated at different temperatures.

To date the most satisfactory absorbent-refrigerant pair has been
found to be lithium bromide-water,

The absorption cycle characteristic of primary importance is the
coefficient of performance, which is defined as the ratio of the cycle
cooling rate to the thermal energy input rate. Various studies have
demonstrated that the coefficicnt of perfurmance is relatively insen-
sitive to generator temperature, since changing this temperature changes
the capacity rather than the coefficient. For single-effect, lithium
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bromide-water machines, the coefficient of performance is typically on
the order of 0.65 to 0.70, and for double-effect machines, it is on the
order of 1.10 to 1.20.

Because of their greater complexity, double-effect machines cost
approximately twice as much as single-effect machines of equivalent
capacity. Double-effect machines are not currently manufactured in
capacities less than 65 tons.

3.2.3 Combined solar heating and cooling system

The economic prospects of a combination heating and cooling solar
system have been shown to be more favorable® than for a system that can
perform only one of the two functions. Figure 3.4 is a schematic
diagram of a combination heating and cooling solar system that is pro-
posed to be retrofitted in the Towns Elementary School building in
Atlanta, Georgia.6

About 10,000 ft2 of flat plate solar collectors will be located on
the roof of the one-story school building. Sunlight impinging on the
collectors is estimated to heat circulating water to a temperature between
160 and 215°F, which is then used to heat the school's domestic hot water
supply and to power either the school heating system or air conditioning
system. Excess hot water will be stored in four 6000-gal tanks and is
estimated to be adequate to power the air conditioning equipment for
several hours or to heat the building for two days. Existing heating
equipment will provide the hot water needed during prolonged periods of
cloudy weather.

Air conditioning equipment will consist of a nominal 100-ton, water-
fired, lithium bromide absorption chiller that is operable with water
input temperatures of between 200 and 245°F. The maximum heat input
required by the unit is 1.7 million Btu/hr, with a hot water flow rate
of 240 gpm. During a 3-hr period around noon on a clear day, the col-
lector system is estimated to supply about 2 million Btu/hr, which is
slightly more than the peak thermal requircments of the 100-ton unit.

3.3 Solar-Integrated Utility Systems

The electrical-thermal subsystem of an integrated utility system is
a "total energy system'" in which the normally wasted coolant and
exhaust heat from engines that drive electric generators is recovered
and used for space heating and cooling and domestic water heating.

The feasibility and benefits of solar energy utilization in
Modular Integrated Utility Systems (MIUS) has been analyzed by Arthur
D. Little, Inc.’ The effort included the identification of potential
system concepts, evaluation of hardware status, and performance of
weighted system evaluations to select promising system concepts deserving
further study.
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Fig. 3.4. Diagram of a solar heating and cooling system. Source:
By permission from R. T. Duncan, 'Solar Energy Will Cool and Heat Atlanta
School," ASHRAE J. 16(9): 47 (1974), Fig. 1.

The solar concepts selected to recelve a detailed review in ref. 7
included:

® (Combined Solar and Waste-Heat Bottoming Rankine-Cycle Engine

Power Cencration

® Solar Domestic Hot Water Production and Solar Hot Water -and Space
Heating in the Single-Family Detached Residences, Including Heat
Pump Utilization '
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® C(Central Combined Heating and Cooling for High-Density Units

® Solar Desiccant Dehumidification of. Individual Buildings Con-
nected to Central HVAC Subsystem.

Solar domestic water heating in the single-family detached resi-
dences was judged to have the highest economic potential of the solar
concepts studied. The efficiency of the solar energy collection system
is high in this application because:

1. the load has favorable characteristics (steady, low in
temperature);

2. conventional water heating can account for approximately 18%
of the annual MIUS electrical load, thereby offering the
potential for significant electrical energy savings;

3. the technology required for solar water heating is less sophisti-
cated than that required for other solar applicatioms.

Solar water and space heating in single-family detached residences
was also found to be very promising. This judgment was heavily weighted
by the conventional heat-pump space heating system in the single-family
residences and by the annual load, which accounts for about 157% of the -
MIUS annual electrical energy (and about 58% of the MIUS winter elec- -
trical energy).

Several solar heat-pump system arrangements were examined, and the
impact of design trade-offs on cost-effectiveness (to the consumer) was
analyzed. It was found that a system arrangement with an air-to-air
heat pump operating as an independent auxiliary unit to the solar system
will yield a lower net operating cost than can be achieved by a system
arrangement with a water-to-air heat pump integrated with the solar
storage tank.

The impact of solar heat-pump systems on the MIUS electrical load
profile was also identified. In addition, heat-pump arrangements that
could facilitate load management were discussed. However, the deter-
mination of the optimum MIUS load-management heat-pump arrangement
required additional analyses beyond the scope of the present investigation.

The central-station solar collection concept for high-density
applications was not found to be attractive in the near term. The major
reasons for this conclusion were marginal economics for central absorp-
tion chilling and a requirement for a deficit in MIUS high-temperature
waste heat.

3.3.1 The solar community concept

The feasibility of using solar energy to provide most of the resi-
dential energy needs of a solar community was analytically investigated
in ref. 8. Five different solar community concepts were analyzed and
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evaluated in terms of projected fund savings and annual total energy costs.
The system that appeared most promising was a cascaded system using
focused collectors, storage, and a derated turbine where the exhaust
energy is “cascaded" into sensible heat storage for use in comfort
conditioning.

The system using a focused collector and a derated turbine is shown
schematically in Fig. 3.5. The components required for the system
include: solar collectors located at each residence; centrally located
intrinsic heat and/or sensible heat storage systems; central and/or
subcentral fluid processing and distribution systems; central electric
power generators; and central space heating, air conditioning, and hot
water systems.

High quality heat storage in this system could be accomplished
using the latent heat of fusion of an inorganic-salt phase-change mate-
rial (PCM) or one of the organic heat transfer oils. Storage of low-
quality heat would be accomplished using the sensible heat of water.

The pertinent conclusions from this study8 are quoted as follows:

Results of the present study indicate that either the cascaded
system or the hybrid systems could provide significant fuel
savings and would have economic parity with today's energy
systems if fuel costs should double or triple. Specifically,
depending upon the system chosen, annual fuel savings of 45 to
65 percent could be obtained with economic parity occurring
when fuel costs have increased tn ahout $0.90 per million DrLu.
Optimization of the subsystems, reducing f1nid transmiscion
cost by providing central rather than remote collection, and
optimization on the basis of community and system size should
provide an even more promising outlook.

The study indicates technology must be emphasized in the
general areas of focused and flat plate collectors, thermal
storage [emphasis added] (vr other alternatives), energy
distribution systems, Rankine turbine cycles and working
fluids, and absorption alr conditioning systems. Furthermore,
collection temperatures and collector efficiencies, turhine
operating temperatures and efficiencies, storage temperatures
and storage media, and absorptive air conditioning cycles
should be traded off with overall system efficiency and
technology requirements, Thic could lead tu a Lechinologically
and economically feasible system for use in the nesar future.

3.3.2 ORNL conceptual design study for a solar total energy system

A conceptual design study for a state-of-the~art solar total energy
system has been prepared by the Energy Division of ORNL. 2

The total energy system described in ref. 9 makes use of seven
major components — the solar energy collector array, the thermal energy
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Fig. 3.5. Schematic of solar community using focused collection
with derated turbine power generation, energy cascaded for space heating,
etc. Source: By permission from R. B. Pope et al., "A Combination of
Solar Energy and the Total Energy Concept — The Solar Community," Paper
739084 in Proc. 8th IECEC Conf., American Institue of Aeronautics and -
Astronautics, New York (August 13-17, 1973), Fig. 3, p. 306.
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storage tank, the building heating system, the domestic hot water system,
the building air conditioning system, the electric power generating
system, and an auxiliary oil-fired hot water heater to supplement the
solar energy input during midwinter months when the household energy
demand exceeds the capacity of the solar energy collection system.

A flow sheet showing the relation between the energy collector,
the heat storage tank, and the various energy-consuming elements in the
residence is presented in Fig. 3.6. The corresponding design data are
presented in Table 3.1. Note that the integrated system has been designed
so that the fluid in the solar-collector, heat-storage, energy utiliza-
tion systems is kept in a closed circuit. Thus, it becomes possible
to employ a 207% glycol-water solution that will not freeze in cold weather,
and this can include an inhibitor sn that corrosion incidc the system
will not be a problem. This fluid system would also include provisions
for deaeration to assist further in minimizing corrosion inside the
closaed svetiam.

A Rankine-cycle turbine generator system employing an organic working
fluid or a Freon could supply a substantial fraction of the electric
power requirements of the household. A system of this sort has been
under development at ORNL for use by the Navy in small, undersea, isotope
power plants designed to produce a few kilowatts of electricity.i A
boiler-vapor separator unit suitable for the application of this study
has been developed, and a survey of the state of the art of the type of
small turbine or engine generator units required has been conducted.!l!
The survey indicates that any one of several units under development
might be suitable for this residential application. Thc Rankine-cycle
working fluid would be confined in a hermetically sealed systam so that
corrosion, buildup of deposits, and deterioration of the fluid should
not be problems in the low-temperature system envisioned.

The clcctric power requirewments for a typical residencc were assumedl
to be 8000 kWhr/hr, which is equivalent to 154 kWhr/week or, in Btu
equivalent, 525,000 Btu/week. If one assumes an overall thermal @ffi-
ciency of 7% for the Rankine-cycle and turbine generator system,!? this
would impose a heat load of 7500 Btu/week-ft? of the solar array. Note
that the thermodynamic cycle assumed would reject its heat at 120°F;
hence, the heat rejected could be used for domestic water or space
heating.

The most effective use of the solar energy collected is made by
cascading the heat flow as indicated in Fig. 3.6. For example, the
heat input to the evaporator in the refrigeration system is at a rela-
tively high temperature level, and the water supplied to this system
at 250°F would probably leave at a temperature of about 200°F. Rather
than recirculate it to the bottom .of the solar energy storage tank and
dissipate this heat at a low temperature level, during the daytime, when
the load on the air conditioning system is high, the 200°F water can
be recirculated directly to the solar energy collectors so that the
amount of heat added in this array will not have to be as great. Sim-
ilarly, the Rankine-cycle system for electric power generation would
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3.1. Total energy system with parabolic, cylindrical
reflectors; a hot-water storage system; an absorption air conditioning

system; and a Rankine-cycle electric generator

Collector

Total projected area of array, ft?

Tilt angle of array, deg (from horizontal)

Collector
Collector
Parabolic
Parabolic
Number of
Collector
Number of
Axial fin

Fractinn ot day that array is eflflecilve, %

Reflectivi
Absorbtivi
Transmissi

Thermal convection loss factor at 70°F
and miscellaneous loss factor at 70°F
collection at 250°F, Btu/yr
collection at 210°F, Btu/yr

Conduction
Total heat
Total heat

. Heat-Storage

element size, in.
water exit temperature,
mirror azimuth angle
mirror material

glass cover plates
tube OD, in.

°F

collector tube axial fins

height, in.
ty of mirror

ty of collector tube
bility of glass cover

Tank

Tank height, ft
Tank diameter, ft
Tank capacity, fe3
Tank capacity, gal

Tank capacity at 250°F, 1b
Tank capacity with 1J0°F Lemperature drop,

Reference Design Residence (Knoxville, lat = 3A°)

Number of stories

Floor area per story, ft?

Building =sive, [t
Heat -loss, Btu/hr-°F

Btu

lleat requirements for space heating,? Btu/yr

Heat requirements for absorption air conditioning,

BLu/yr

b

1000

45

20 x 72
250
Adjustable
Alzak Al
1

0.50.

2

0.5

25

0.87

0.95

0.90

.10

.10

149 x 108
193 x 10°

20

240

2000
16,000
2.08 x 106

2
1600
50 x 32
800
71 x 10°
51 x 108

a . o
Includes all hours per year in which the temperature is less than

65°F.

bIncludes all hours per year in which the temperature is greater than

65°F.
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employ a boiler heated by high-temperature water from the solar energy
storage system, but this water would leave the Rankine-cycle boiler at
a temperature near 200°F and, hence, during the day could be used best
by recirculating it .through the solar energy collection system. During
the night, these 200°F water streams might be returned to a point near
the middle of the heat storage tank.

As indicated above, the heat rejected from the Rankine cycle (i.e.,
most of the heat flowing into the boiler) could be rejected at 120°F,
an ideal temperature for building heating.

A review of energy storage systems indicates that the least expen-
sive and most flexible for the solar collector proposed here is a hot-
water tank. Experience with tanks of this sort, notably in Munich,
Germany, indicates that the hot- and cold-water regions are stratified
with very little mixing or conduction of heat between the two regions.
This, of course, assumes a closed hot-water system in which hot water
is added at the top of the tank as cold is withdrawn at the bottom
and vice versa, with suitable baffles to minimize the turbulence asso-
ciated with hot-water flow into the storage tank. A tank of this sort
has the important advantage that the hot water can be stored at any
desired temperature over quite a wide range, so that one is dealing with
a constant temperature in the available heat supply at a level that may
be changed with seasonal temperature demands. For example, it is
important to have the heat stored at a temperature of at least 200°F
in the summertime in order to drive an absorption air conditioning system,
and the solar energy required to accomplish this can be readily obtained
with the much higher solar energy input characteristic of summer opera-
tion. On the other hand, in the winter, when outside temperatures are
low and the solar energy input is likely to be less than the space
heating demand in the house, advantage can be taken of the fact that
the solar energy collection efficiency can be increased by collecting
and storing the heat at a lower temperature.

The cumulative effects of the numerous uncertainties expressed in
ref. 9 could make a substantial difference in the attractiveness of the
system., However, even after cousidering these uncertaintice, thse
proposed system appears to be sufficiently attractive to merit a
definitive test. Such a test could be carried out by buillding a large
solar energy collector array of the type proposed and coupling this to
a hot-water storage system. This would permit an essentially full-scale
test of the two major components. By conducting the test with a com-
plete set of instrumentation, including measurements of direct and
indirect solar radiation, definitive deductions could be made from the
test results relative to the applicability of the system to the Knoxville
area and to other locations. These data would also permit a very good
approximation of the effect of changing from a solar energy collector of
the type described here to some other type, such as a flat-plate col-
lector with an elegantly treated surface that would permit collection of
solar energy at temperatures of about 250°F with good efficiency. The
data would also be directly applicable to the design of town houses and
garden apartments.
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No effort was made in this study to evaluate the performance of
the Rankine-cycle electric power generation system as a function of such
parameters as the peak temperature employed in the cycle, the condenser
temperature, or the working fluid, because the scale of such a study
was much beyond the scope of this effort. However, such a study would
be essential to a definitive evaluation of the value of an electric
power generation system in a solar total energy system of the type
proposed herein. Such a study should begin with a survey of turbine
and engine generator units available from vendors so that the actual
performance characteristics of these units could be used in evaluating
the effects of operating conditions and working fluids.

3.4 Base-Load Power Generation Systems

Fngineering experience in the generatlon of base-load electricity
from solar energy is quite limited. However, a few propousals for ground-
based solar-electric conversion systems have been studied, two of which
are described in refs. 13 and 14.

A typical solar conversion system employing a thermal energy
storage (TES) device is illustrated in Fig. 3.7 with pertinent state-
point conditions indicated.!3 For this system it wae acoumed that Lhe
TES material could be maintained under thermocline conditions. In ref.
13, the authors discussed the normal and rcduced operalLions of the
system depicted in Fig. 3.7 for an assumed 1340-MW(t) peak power field,
combined with a 300-MW(e) power plant. These discussions are quoted as
follows:

A normal daytime operational mode is depicted in Fig. 3.7a,
in which excess superheated steam is shunt fed to the thcrmal
storage heater. A desuperheater is inecluded in thie con-
figuration to prevent damage to the heat transfer fluid as

a result of excessive charging temperature. Assuming the
1340-MW(r) peak power ficld considered earlie¥, combined
with a 300-MW(e) power plant, this mode of operation would
continue until the thermal power level fell to 56 percent of
the peak value.' At this peint, the shunt flow would have Lawn
reduced to zero, with the entire steam flow being directed

to the high-pressure turhine.

As the Steam tflow-rate is reduced further due to a reduction
in sclavr iusolation, the low solar power mode shown in Fig.
3.7b ic uacd. Tn Lhis mode; turbine extraction for teed
water heating is successively reduced starting with the
highest pressure feed water heater. The additional feed
water heating is then accomplished by the thermal storage
unit using the alternate feed water heater. Such a mode
would exist unlil the steam rate fell to 39 percent of the
peak value. At this point, the electrical generating capa-
bility would be reduced to approximately 88 percent of the
design value. It should be noted that by adding a bypass
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Fig. 3.7. Schematic. flow diagram of a typical base-load, solar-
electric power conversion system. Source: By permission from J. E. Raetz,
C. R. Easton, and R. J. Hall, "The Selection and Use of Energy Storage for
Solar Thermal Electric Application,' Paper 759088 in Rec. 10th Intersoc.
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Fig. 3.7 (continued)

betweeu Lhe water and steam lines upstream of the turbine,
this mode could be used to provide thermal energy to the
receiver during periods of nighttime shutdown.

As the steam rate falls further, the flow rate to the turbine
is also rcduced with a subsequenL luss Iin generating capacity.
When the steam rate falls to 18 percent of peak power, the
power plant efficiency has been reduced to 70 percent of its
design value. At this point, the receiver loop is shut down
and the turbogenerator draws its steam from the steam generator
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which is powered by the thermal storage fluid. Such a night-
time operational mode is depicted in Fig. 3.7c. Due to the
degraded steam condition resulting from the two heat transfer
operations (charging and discharging) associated with the
thermal storage unit, the steam is fed directly into the low-
pressure side of the turbine. The resulting generating
capacity is approximately 70 percent of the design value.

During daytime periods in which severe transients in solar
insolation occur as the result of frequent cloud passage, an
alternate mode of operating (Fig. 3.7d) may be required to
protect the turbine from unacceptable transients. In this
case, all of the collected energy is shunt fed directly into
the theraml storage unit while the turbogenerator is powered
directly from the steam generator.

Preliminary design configuration features of a 100-MW(e), solar
energy conversion power system and user applications for the direct
solar installation are presented in ref. 1l4. The conversion system
consists of a central power station surrounded by eight solar energy
collection-concentration-conversion fields, which supply the required
1250-psi, 950°F (510°C), superheated steam for turbine generator opera-
tion. Boiler and superheater assemblies in each field are mounted on a
400-ft-high (121.9-m) tower at the center of the southern border of
the field. 1In each field, 1840 mirrors perform the collection-
concentration junction with a single reflection of the solar energy.

A solar-energy conversion system has recently been proposed15 to
generate electrical power and to provide temperature control for life-
support systems. The system utilizes a Freon cycle and includes a
boiler, a turbogenerator with heat exchanger, a regenerator and
thermal-control heat exchangers, low-pressure and boiler-feed pumps,
and a condenser. Although the system does not include the use of
a solar heat storage subsystem, such a device could be incorporated
in the solar heat input, and the system could be adapted for the genera-
tion of electrical power and for space and water heating in a single
detached residence or in multiapartment complexes in the low- and/or
intermediate-temperature regime. :

Minto's Sun Power Systems, Inc., in Sarasota, Florida, has developed
and recently announced the availability of an organic-fluid-driven
engine that can be used to drive either an air conditioner compressor
or a generator.!® A system is described in ref. 16 in which the engine
is driven by refrigerant R-114 (Freon). In this system, water is heated
from 165°F to 185°F in a flat-plate collector. The Freon is vaporized
in a Freon boiler with the 185°F water, producing saturated R-114 vapor
at 180°F and 141 psia. This vapor then expands through the engine
and exhausts at 120°F, from which it is condensed at 80°F and returned
to the Freon boiler. The system is claimed to generate 15 kW(e) with
180°F water from the collector. The system described in ref. 15 is quite
similar to the system shown in Fig. 3.5, except that no thermal energy
storage facilities were specified, and waste heat from the Freon engine
was not utilized.
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4. CANDIDATE SOLAR THERMAL ENERGY STORAGE MATERIALS

4.1 Classification of Thermal Energy Storage Media

Thermal energy in the form of either "hotness' or '"coldness" can be
stored in a variety of media as sensible heat by virtue of a change in
temperature of the material or as latent heat of fusion in which the
material changes from the liquid phase to the solid phase without an
appreciable change in temperature. Both types of material have been
used in thermal energy storage (TES) units.

In hotness storage, thermal energy is added to the TES medium,
which ralses the température of sensible heat storage materials or melts
the latent heat materials at constant temperature. In coldness storage,
thermal energy is extracted from the medium, which results in a dccrcase
in temperature of sensible heat storage materials or constant-temperature
freezing of latent heat materials. In both cases, a temperature dif-
ference must exist between the thermal conveyance material and the TES
medium to provide a driving force for heat transfer.

In addition to sensible heat and latent heat storage materials,
several other media have been investigated as potential thermal energy
storage materials, including the clathrate and semiclathrate hydrates,
various metal hydrides, and heat storage based on inorganic chemical
reactions.

An ORNL report! presents summaries of a considerable portion of
published information on heat storage materials and devices, examines
the technological aspects of their application in MIUS,* provides some
estimates of material and equipment costs, and preocnts conclusions
reached about the most applicable types of matcrials and devices cur-
rently available for use in a MIUS.

In an article to become part of a chapter to be published in the
1974 applications volume of ASHRAE Handbook and Product Directory,
Yellot? has discussed heat storage systems and requirements for the
utilization of solar energy for heating and cooling of buildings.

4.1.1 Sensible heat storage materials

The sensihle heat storage capacity of materials is given by the
thermodynamic relation

t

*
Modular Integrated Utility Systems.
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where

AQ = heat storage capacity (Btu),
m = mass of materials (1b),

t; = initial temperature (°F),
to, = final temperature (°F),
Cp = specific heat at constant pressure (Btu 1b~! °F-1l),

The specific heat usually varies with the temperature level of the mate-
rial. However, if the specific heat does not vary appreciably between
the initial and final temperatures, an average value for C_ can be
assigned, and the above expression becomes P

8Q = mC (t2 - 1) .
Since m = pV, where p = density (1b/ft3) and V = volume (ft3),
AQ = pCpV(tz - tl) .

The specific heat of water, for example, is 0.999 Btu 1b~! °F-! at
140°F, and increases to only 1.004 Btu 1b~! °F~l at 200°F for an average
specific heat of 1.0015 Btu 1b~! °F~! between these limits.3

The product pC, is called the volumetric heat capacity, for which
no commonly used symbol has been adopted. The limitations of thermal
energy storage as sensible heat are set by the fact that the specific
heats of usable materials range only from about 0.20 Btu 1b~! °F~!, for
rocks and most other nonporous solid materials, to about 1,0 Btu 1b~!
°F~l for water. "

4.1.2 Latent heat phase-change materials

Latent heat phase-change materials (PCMs) possess the unique ability
to absorb and liberate large quantities of heat without appreciable
temperature change. Over 500 PCMs are reported in the reviewed literature
as potential TES candidates.” The 500 puotential PCMs were gelected
exclusively on the basis of heat of fusion and melting temperature.

Based on the selection criteria given in Sect. 5, however, this number
of candidate materials can be considerably reduced. Phase-change mate-
rials may be categorized into the following general types:

1. inorgaic salt hydrates and eutectics,
2. organic compounds and eutertics, :
3. combined phase-change and sensible heat materials.

4.1.2,1 Inorganic salt hydrates and eutectics. Inorganic salt
hydrates are solid compounds of inorganic salts and water with a definite
number of moles of water forming crystalline solids of the general
formula S+nH;0, where S is an anhydrous salt [e.g., NaySO, (Glauber's
salt)], and n is the number of moles of water. At the phase-change
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temperature, the salt hydrate melts and dissolves in its water of hydra-
tion. In congruent melting, the salt hydrate forms a clear melt, or
liquid phase, above the melting point. However, some salt hydrates are
less soluable in their water of hydration and dissolve only partially,
forming an incongruent melt. Since the solid phase is usually heavier
than the liquid phase, it will settle to the bottom of the container.

4.1.2.2 Organic compounds and eutectics. A number of organic
materials that have properties suitable for solar heating TES have been
investigated.5 Some properties of these materials which make them
potentially attractive are the following:

high heat of fusion per unit weight,

wide range of melting points (23 to 151°F),

nontoxic,

noncorroesivs,

chemically inert and stable below about 750°F (above this tem-
perature, complex reactions such as dehydrogenation, cracking,
and aromatization could occur),

negligible supercooling behavior,

low vapor pressure in the melt,

density range from 43.7 to 48.1 1b/ft3,

commercially available at reasonable cost,

high wetting ability,

predictable and dependable.

On the other hand, some organics (paraffing) are flammable and
undergo a relatively large (v10%) volume change upon melting, which could
introduce problems in heat transfer. The chnice of containerc for
paraffins requires care, because paraffin can cause stress cracking in
some plastics; metals such as aluminium or steel would prohahly bhe
required:

4,1.2.3 Combined phase-change and sensible heat TES matcrials.
Several TES materials that can be used in systems employing solid=liquid
phase change in addition to sensible heat storage are available. The
heat storage capability of combined phase-change and sensible heat
storage materials is given by the thermodynamic relation

to

t
fpc f
M C,q (D)AT + 8h_ 4 Cp (Ut |,

t A
1 pc

=
oD
]

where

AQ = heat storage capacity,
mass of material,
initial temperature,

=
1]

t
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t = phase-change (melting) temperature,
E% = final temperature,

C__ = specific heat of the solid phase,
Cpi = gpecific heat of the liquid phase,

Ahgc = latent heat of fusion.

4.1.3 Clathrate and semiclathrate hydrates

Clathrate and semiclathrate hydrates with melting points in the
desired range have been investigated as potential TES materials.® The
two main clathrate structures, types I and II, were defined as continuous
solid-water structures containing closed cavities, within which are guest
molecules that do not interact strongly with water. The semiclathrate
structures were described as those in which the guest molecules directly
participate in the water lattice.

According to ref. 5, the clathrate materials melt congruently at
temperatures ranging between 33 and 88°F, have heats of fusion in excess
of 100 Btu/lb (7000 Btu/ft3), and are low-cost. However, some of the
available clathrates might be eliminated as potential TES materials
because of excessive corrosion or chemical activity and/or excessive
pressure that would complicate the mechanical design of the TES contain-
ment device. No mention was made in ref. 5 of the applications of these
materials; but because of their promising properties, further investiga-
tion of the clathrates as TES materials was recommended.

4.1.4 Metal hydrides

Because of the ease of reversibility of metal-hydrogen reactions
and the relatively high heats of formation of metal hydrides, they have
heen proposed as possible TES materials in solar power applications.6
The concept proposed involves the use of solar heat to dissociate a
hydride into a metal and hydrogen gas. The hydrogen gas would be stored,
and the heat from the reaction would be recovered by allowing the metal
and hydrogen tn recomhine according to the formula

M+ D Hy S MH

where the hydride, MHy, is a definite chemical compound, and the value
of x depends on the particular metal or alloy, M, that is used.

‘During periods of sunshine, the metal hydride would be heated to
about 200°F, and the disassnciated hydrogen gas would be stored in a
suitable container. As the sun sets and the outside temperature decreases,
the hydrogen would be bled into the metal, and the resulting heat could
be used for hot water, space heating, or air conditioning. With this
system, the heat may be recovered as required, and it can be stored
indefinitely with no need for insulation. Metal-hydrogen systems are
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noncorrosive and are said to undergo indefinite cycling with no chemical
degradation, which is a problem with some phase-change materials. Also,
the high thermal conductivity of metal hydrides permits efficient heat
transfer to the working fluid. An obvious disadvantage is the need to
store pressurized hydrogen adjacent to living quarters.

4.,1.5. Inorganic chemical reactions

A solar heat storage concept based on the heat of hydration of
certain inorganic oxides, principally MgO and Ca0, which form the
hydroxides Mg(OH), and Ca(OH);, respectively, as the result of hydration,
is described in ref. 7. The requirements and capabilities of this method
of energy storage are summarized as follows:

1. Principles:

Collection and storage of heat:
Mg(OH), + heat -+ MgO + H,O0(at 375°C), or
Ca(OH), + heat > Ca0 + H,0(at 520°C).
Recovery of stored heat:
MgO + H,O0 - Mg(OH), + heat, or

Ca0 + Hy,0 + Ca(OH), + heat.

2. High energy density:

~20,000 Btu/ft? in a practical syotem (theoretical as high as
90,000 Btu/fc3).

3. Need for high absorber temperatures:
v400°C aud hlgher.

4. Unique capabilities:

Long-term storage, no time limit; transportable; stored heat
may be delivered at high or low temperatures.

The most valuable feature claimed for this system’ ie that the
oxides may be stored for indefinite periods at ambient temperature, and
heat ¢an be generated from them as required by simply adding water.

Both oxides (MgO and Ca0O) are relatively inexpensive. Calcium oxide

was listed in the Chemical Marketing Reporter for April 14, 1975, as

low as one cent per pound. The heats of hydration are of the order of -

600 Btu per pound of hydroxide for hydration with water vapor and about
one-halt to two-thirds that with liquid water. Based on the theoretical
density of the hydroxide, the volumetric heat of hydration is 90,000 Btu/ft3,
but this value would be reduced to about 20,000 Btu/ft3 in a practical
system.



47

4,2 Characteristics of Candidate TES Media

4,2.1 Low-temperature TES materials

Thermal energy storage materials and devices that could be adopted
to the storage of solar energy in the low-temperature regime (100 to
250°F) have been adequately tabulated and described in refs. 1 through
12. Temperatures in this range are applicable for space heating,
domestic water heating, single-cycle air conditioning, and organic
Rankine-cycle low-temperature turbines. 1In an ERDA report,8 over 50
substances were identified as promising phase-change solar heat storage
candidate materials melting in the range 50 to 195°F, and about 20 of
these materials exhibited little or no supercooling and were considered
prime candidates for encapsulation studies.

Some of the more promising low-temperature TES materials, other

than water, that have properties consistent with the requirements of
suitable solar TES media, are listed in Tables 4.1, 4.2, and 4.3.

Table 4.1. Candidate thermal energy storage materials without phase change

Sensible heat storage
between 77 and 900°F :
Density Price Output

Material (1b/£t3) Btu/1b Btu/ft3 ($/100 1b) (Btu/$)
Al 168 200 34,000 29.00 690
Al,(SO04) 3 169 202 34,000 3.11 6,500
A1,03 250 200 50,000 2.20 9,100
caCl, 135 135 18,000 2.20 6,000
MgO 223 208 46,000 2.80 7,400
KC1 124 140 17,400 1.65 8,500
K50, 167 180 30,000 1.10 16,400
Na,CO3 160 265 42,500 4.00 6,600
NaCl 136 180 24,500 1.33 13,500
Na,SO0, 168 247 41,500 1.50 - 16,400
Cast iron 484 102 49,500 10.00 1,000
Rocks 140 160 22,500 1.00 " 16,000

Source: M. Altman et al., Conservation and Better Utilization of Electric
Power by Means of Thermal Energy Storage and Solar Heating, Phase I
Summary Report, NSF/GI27976, University of Pennsylvania National Center
for Energy Management and Power (Oct. 1, 1971), pp. 2-10.-"



Table 4.2. Inorganic salt hydrate TES materials with melting points appropriate
' fcr space heating applications

Specific hezt

Melting (Btu 1b=! °p-1) Density Heat of fusion
Salt hydrate Ref. point (°F) Solid Liquid (1b/ft3) Btu/1lb Btu/1bJ
CaCl; +6H,0 2, 4 86 0.35 0.35 102 75 7,650
Ca(N03),4H,0 4, 5 117 0.35 0.58 116 66 7,656
Na HPO,-12H,0 2, 4 96 0.37 0.76 95 120 11,400
Na;5503+5H,0 2, 4 118 0.35 0.57 103 90 9,270
Na, SCy, - 10H,0 2, 4, 5 90 0.42 0.79 91 108 9,828
Na,CC3+10H,0 2, 5 93 0.45 0.80 90 108 9,720
Na,CCq+12H,0 5 97 0.47% 0.84% 95 114 10,830
Zn(NC3) o+ 4H 0 2, & 118 0.32 0.54 129 72 9,288
FeCl3+6H,0 2, 5 97 0.32 0.46 101 96 9,696

aEstimated.

8Y



Table 4.3. Calorimetric and financial data for organic TES materials for solar heating

. Temperature Heat of fusiona Estimated cost Heat storage
Materialis Supplier range (°F) callg Btu/lb $71b $/1000 Btu density (Beu/ft3)

Artificial spermaceti Lipo Chemi:zals 95-118 47 84 0.60b 7.15 5000
Artificial spermaceti Lipo Chemi:als 104-118 32 32 0.60b 18.80 3400
Paraffin wax +

25 wt X CCl, Arthur H. Thomas 104-~122 23 41 0.085 2.07 2400
Parraffin wax +

33 wt X CCl, Arthur H. Thomas 104-118 25 45 0.095 2.11 2500
8116 Paraffin wax Sun 0il Co. 114-116 50 90 0.065 0.72 4400

%Includes specific heat contribution cver the indicated temperature range.

bManufacturer's estimated price in bulk quantities 1s $0.30/1b.

Source: H. Lorsch et al., Conservation and Better Utilization of Electric Power by Means of Thermal
Storage and Solar Heating, Final Summary Report, NSF/RANN/SE/GI27976/PR/73/5, University of Pennsyl-
vania National Center for Enargy Management and Power, July.:31, 1973, Table 6-13, p. 6-45.

6%
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Water as a sensible heat storage material. 1In the Proceedings of
the Workshop on Solar Energy Storage Subsystems for the Heating and
Cooling of Buildings,'! it was concluded that, in comparison with the
other alternatives currently available, water in the temperature range
140 to 180°F for space heating and domestic water heating is probably
the best and the least expensive mode of storage currently available.

Water is available in practically unlimited quantities and possesses
an extraordinary ability to collect and store large quantities of thermal
energy. The high specific heat of water, combined with its relatively
high density, results in the largest values of pCp (volumetric heat
capacity) known in nature. The thermodynamic properties of water
pertinent to use as a TES materials are shown in Figs. 4.1 through 4.3.3
Figure 4.1 shows the deneity of water; and Figs. 4.2 and 4.3 show,
respectively, the specific heat and the increased Leat accumulatilon
capacity of water with increasing temperature.

Freezing of water in TES units for solar heating systems is easily
prevented by mixing with ethylene glycol.5 This material costs $0.78/gal
in bulk-(1971 dollars). A 1:1 mixture of water and ethylene glycol has
a-freezing temperature of -35°F, which is safe for +10°F ambient air

- “temperature, assuming 25°F radiant cooling against a clear, cold, night
sky. However, this reduces the specific heat of the medium from 1.0 to
0.81 Btu 1b~! °F7l,.

As the temperature increases above about 350°F, the vapor pressure
of water increases rapidly; and the problems of structural integrity
for processing equipment also become increasingly severe.

Sensible heat storage materials other than water. Table 4.1 lists
some candidate sensible heat TES materials other than water that are
commercially available in large quantities and are relatively inexpensive.
The heat content of these materials corresponds to a temperature range
77 to 900°F. ’

Phase-change materials properties. Properties of some alternative
inorganic salt hydrate TES materials with melting points appropriate for
space heating applications are given in Table 4.2.5:%9,12 Table 4.3
presents calorimetric and financial data for some organic TES material
that could be used for solar heat storage.?®

4.2.2 Intermediate-temperature TES media

At processing temperatures above 350°F but less than 750°F. the
heat transfer agents most commonly used are petroleum-derived heat
transfer oils.! Some synthesized organic fluids can extend this range
to well above the critical temperature of water (705.34°F), and silicon-
conitaining compounds have been used up to a limit of about 800°F.!%
Certain of these heat transfer agents are proposed as thermal energy
storage media to provide the intermediate temperature source for dual-
cycle air conditioners and low-temperature turbines (in the temperature
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range 300 to 400°F) and for driving Rankine-cycle turbines using fluids
from parabolic-trough collectors in the temperature range 400 to 600°F.
In addition to the above organic agents, mixtures of inorganic salts

in the melt state have demonstrated relatively high coefficients of heat
transfer and good stability and have been used for heat transfer agents
from about 500 to 750°F. Some of these inorganic salt mixtures are
proposed as TES materials in the intermediate-temperature regime.

The physical and thermal characteristics of some frequently used
organic heat transfer agents being considered for thermal storage media
in the intermediate-temperature regime are given in Table 4.4. These
media could be used to store thermal energy as sensible heat in non-
pressurized containers up to the maximum usable temperature range.
However, the organic fluids are flammable, provided the fluid is at
sufficiently high temperature and a source of ignition is present. At
the flash point, the fluids will momentarily ignite on application ot a
flamec or spark; aud al Lhe [lre poilnt, vapor is emitted at a rate ade-
quate to sustain combustion. At the autoignition temperature, no source
of dignition is required, but typically this temperature is well above
the fluid's recommended range.

Table 4.5 (from ref. 12) lists the physical properties of some

inorganic salt mixtures that could be used as thermal energy storage
media for intermediate-temperature-range applications.

4.2.3 Representative high-temperature TES media

Thermal energy storage temperatures in the range 800 to 1000°F are
proposed for closed-cycle gas turbine and steam Rankine-cycle turbine
applications using fluids from heliostats. At temperatures in excess of
Llie upper limit of the organic heat transfer fluids (approximately 750°F),
Lhese fluids tend to decompose; also, a hazardous condition is presented
by operation approaching their flammability temperature. Therefore, for
temperatures above the operating 1imits of the organic hecat transfer vils,
mixtures of various inorganic salts are proposed for the solar thermal
energy storage subsystems. Pertinent thermal properties of some repre-
sentative inorganic salts and salt mixtures are given in Table 4.6.16

The materials listed in Table 4.6 hy nn means exhaust the number
of potential inorganic salts suitable for high-temperature application.
They are, however, representative of this class of material. A survey
of high-temperature thermal energy storage techniques for solar-thermal
applications is Lu be published by the Solar Energy Technology Division
of Sandia Laboratories in the near future.!® These data, however, are
not available for reference in this report.

Table 4.7 (from ref. 12) lists several inexpensive relatively
abundant thermal energy storage phase-change materials with melting
points below 1000°F.



Table: 4.4. Frequently used organic heat transfer agents
Ueable temperature range Pire Auto- Thermal properties at maximum usable temperature
(°r) ignition .
Trade name Composition Producer 12811?:;: temperature Sp:::ilc Visco?ity . co::i:‘::ilty Densitg Commenzs
o - -
Low Maximum (°F) (Btu -t °opl) (1b ft=! hr™?) (Btu hr-! ft-} op-1) (1b/fe3)
]

Therninol-55 Alkylated aromatic Monsanto ] 600 410 670 0.72 1.1 0.065 45 Currently 1in use;
requires nonoxidizing
cover gas

Therninol-66 Hydrogenated Monsanto 23 650 380 705 0.655 0.649 0.0612 46.8 Currently in use;

terphenyls. . requires nondxidizing
: cover gas

Cald-ia-HT-43 Exxon 600 759 Currently in. use;
requires nondxidizing
cover gas

Dowtaermr-A Diphenyl-diphenyl. Dow Chemical 12 500 275 1,150 0.537 0.65 0.0645 53.0 Reqyires pressurization

oxide eutectic for temperatures
exceeding 50D°F
Humbletherm 500 Aliphatic petroleum oil Humble O0il -5 600 475 NA 0.7165 1.01 0.0655 41.3

199
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Table 4.5. Thermal storage materials with phase change

Density (1b/ft3) Heat content? Melting
Material Solid  Liquid  Btu/Ib  Bru/ft3  Point P
NaOH 134 111 510 56,500 608
NaNOj 141 .119 310 37,000 590
KC1 + MgCl, 135 110 310 34,000 908
NaCl + MgClo 135 110 320 35,000 806

B,03 115 102 400 40, 500 842

aHeat‘ content is between 77 and 900°F or other maximum attainable
temperature.

Source: M, Altman et al., Conservation and Better Utilization of
Electric Power by Means of Thermal Energy Storage and Solar Heating,
Phase I Summary Report, NSF/GI27976, University of Pennsylvania National
Center for Energy Management and Power, Oct. 1, 1971, Table 4, p. 2-14.

Tahle 4.6, Thermal propertiec of repreoentative inorganic salt TES walerlals

Melting Boiling Specific Heat of fusion  Relative

Material (% of mixture) point (°F)° point (°F) heat [Cp(s)] (Btu/1b) cost
ByUj 842 4107 0.250 142 2.5
LiF 1548 3207 0.373 449 20
LiH 1270 1936 1.07 1110 100
LiOH 864 2278 0.356 378 7.5
NaCl 1474 2575 0.204 2U5 L
NaF 1810 3092 0.258 344 2.5
LiF (57.8)/CaF, (42.2) 1418 0.305 328
LiF (42.5)/MgF, (57.5) 1355 0.307 425
LiF (35.6)/MgF, (40.6)/CaF, (23.8) 1242 0.289 264
LiF (48)/NaF (52) 1206 0.313 405
LiF (37)/NaF (42)/caFp (71) 1193 0.291° 141
LiF (20)/LiOH (80) 799 0.360 500
LiF (46.5)/NaF (11.5)/KF (42) 849 0.45 (1iq) 178

Source: T. T. Bramlette et al., Survey of High Temperature Thermal Energy Storage Techniques for Solar
Thermal Applications, SAND 75-8063, Sandia Laboratories, Livermore, Calif. (1976).




Table 4.7. Thermal storage materials with phase change
(Heat content is between 77° and 900°F or other
maximum attainable temperature.)

. 3 Heat content
Density (1b/ft ) to 900°F 4 Melting Price
Material Solid Licuid Btu/1b Btu/ft point °F ($/100 1b) Btu/$ Remarks
NaOH 134 111 510 56,500 608 7.00 7,300 Caustic
. soda
NaNO3 141 119 310 37,000 590 2.60 - 12,000 Decomp. at
700°F
KC1 + MgCls 135 110 310 34,000 908 2,40 12,800 To 910°F
NaCl + MgCl, 135 - 110 ' 320 35,000 806 2.40 13,200

LS
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5. SELECTED CANDIDATE SOLAR ENERGY STORAGE SUBSYSTEMS

5.1 Selection Criteria

Although the selection of candidate solar energy storage materials
will primarily be based on the materials' heat storage capabilities in
the desired temperature range, other considerations will considerably
influence the final choice. The engineering feasibility of the candidate
TES subsystem in the near future (1975 to 1985) must be considered, as
well as the amount of detail currently available on the cost and per-
formance characteristics of the candidate system.

In order tn select appropriatc candidate TES malerlals, the
following criteria are suggested:1

1. A melting point of PCM materinl within the daesiraed tomperature
range.

2. A high heat of fusion. This property defines the available stored
energy and is of importance on a weight or volume basis. The heat
of fusion of water (80 cal/g or 144 Btu/lb) probably constitutes
an upper limit of available TES materials. Other PCM's have heats
of fusion ranging from 50 to 75% of that of water.

3. A congruent melting point. Congruent and eutectic salt hydrates
are suitable for thermal energy storage because they melt com=
pletely at a fixed temperature or within a very narrow range of
temperatures. Otherwise, the difference in densities between
s0l11d and liquid results in segregation with changes in chemical
composition and a reduction in usable latent heat,

4. Dependability of freezing behavior. Upon cooling, the melt should
solidify at the thermodynamic melting pointy otherwise, (he lliquid
may supercool, ultimately forming a glass, and the stored energy
will not be released. :

5. Long-term reliability during repeated cycling. Materials should
be stable and not tend to decompose during the expected lifetime
of the equipment (10 to 20 years).

6. Compatibility with the container. There is a sufficiently wide
choice of potential container materials awvailable, imeluding
plastics, aluminum alloys, and ferrous alloys, that this require-
ment should not constitute a serious limitation.

7. Safety features. The TES material should be nonflammable in Lhe
desired temperature range, nontoxic, and should not have an
offensive odor, since the possibility of accidental leakage always
exists.

8. High thermal conductivity. This property is considered desirable
to prevent thermal gradients (in PCMs). Fillers are often used to
improve system performance.
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9. High specific heat and density. These properties are especially
important in sensible heat TES material and define the materials'
heat storage capability in the same manner as does a high latent
heat of fusion for PCMs.

10. Small volume change during phase transition. Most materials shrink
when they freeze, and the resultant change in volume varies greatly
among PCMs. However, water, gallium, and gallium alloys expand on
freezing.

11. Low vapor pressure. Some materials have high vapor pressures near
their melting points, thereby exerting excessive stress on their
containers.

The solar thermal-electric conversion systems needed to provide the
domestic electric load, domestic water heating load, and the space-
heating and -cooling load for these categories of load types in the
prescribed temperature regimes will require solar energy storage sub-
systems cagable of storing from 60 to 36 x 10° kWhr (2.05 x 10° to
1.23 x 10!V Btu) of thermal energy.2 Some specific storage subsystems
proposed for initial selection in the various temperature regimes are
described in the following subsections.

5.2 Low-Temperature TES Subsystéms

Water is an obvious selection as a heat storage material in the low-
temperature (100 to 250°F) regime. As pointed out in ref. 3, water can
be stored in a variety of tanks fabricated from various materials,
including wood, concrete, fiberglass, steel, and other metals. However,
some municipal ordinances require that water heating and storage systems
shall comply with the ASME Low Pressure Heating Boiler Code (Sect. IV) if
any of the equipment meets any of the following conditions:" '

1. operating with storage temperatures above 200°F,
2. with water—-containing capacity in excess of 120 gal,
3. a heat input of 200,000 Btu or more.

Several hot water storage subsystems - suitable for residential solar
energy storage up to temperatures of 200°F are described in ref. 5.
It was implied in ref. 5 that the concept illustrated by Fig. 5.1 would
probably prove to be the most economical for exterior installations.
This subsystem consists of a vertical tank that could be fabricated from
several alternate materials. The tank would be buried underground to a
depth of 10 to 50 ft, depending on the tank capacity and size, and would
be insulated to inhibit loss of heat energy.

Aside from the question of structural integrity (horizontal tanks
must be designed to resist beam bending and buckling action), vertical
tanks are considered more efficient for hot water storage because of
the stratification that occurs between layers of hot and cold water.6:”
Thermal stratification improves system efficiency by allowing the col-
lector to operate at the minimum temperature. Results of tests on a pilot
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NSF-RANN-75-041, American Society of Heating, Refrigerating, and Air Condi-
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plant solar water heater scaled to a ten-unit apartment building indi=-
cated that internal baffling of the tank would not be necessary to obtain
a high degree of density stratification for certain solar water heating
systems.

As an alternate heat staorage material to water in the low-temperuturc
regime, one of the available PCMs could be selected. Several inorganic
and organic salts, salt hydrates, and eutectics have been investigated
as potential heat storage materials for space and domestic water heating
(Sect. 4.2.1). The melting points of these materials, however, are
nearer the bottom (<120°F) of the low-temperature regime. For more
efficient operation of an organic Rankine-cycle prime mover, a PCM with
a melting point nearer the upper limit of the range should probably be
selected. Reference 8 lists about 20 candidate PCMs melting in the range
10 to 90°C (50 to 194°F) that exhibited little or no supercooling. Heat
of fusion measurements have been made on most of these 20 materials.
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The materials listed in Tables I-IV of ref. 8 were classified
according to their assessed suitability for heat storage into three
groups: I, "most promising"; II, "promising"; and III, less promising."
Assignment was based on consideration of the following criteria:
toxicity, corrosivity, flammability, oxidizing capability, availability,
and cost. The suitability groups were then used to select material for
further consideration, which involved laboratory tests of freezing
behavior. Based on these tests, the selected materials were further
categorized as:

G — good for general use, little or no suppercooling;
S — good, but supercools, must be seeded; useful in tank system;
N — not good, not usable.

Table 5.1 lists some materials from ref. 8 that have melting points
(transition temperatures) above 75°C (167°F) and that are rated as
either G or S in groups I or II. Of the seven materials listed in
Table 5.1, the heats of fusion of only four have been measured. From
these four, Ba(OH),'8H,0 appears to have the most desirable character—
istics of the PCMs in the low-temperature regime.

5.3 Intermediate-Temperature TES Subsystems

One of the commercially available heat transfer 0ils? listed in
Table 4.4 of Sect. 4 is suggested for initial selection as a heat
storage material in the intermediate-temperature regime (300 to 600°F).
As can be noted from Table 4.4, the physical properties of these fluids
are similar, but none equals the thermal heat storage capability of water.
The heat transfer oils, however, can be utilized at temperatures
approaching the upper range of the intermediate-temperature class of
materials without resorting to pressurized containment.

HITEC,10 a heat transfer salt developed by Du Pont in the 1930's, .
is also suggested for selection as a potential material for solar energy
storage in the intermediate-temperature regime. HITEC is a white,
granular solid eutectic mixture of inorganic salts which has the fol-
lowing composition:

potassium nitrate, KNOj 53%
sodium nitrite, NaNO, 407
sodium nitrate, NaNOj 7%.

The melting point of fresh HITEC is 288°F (142°C). The density-
temperature relationship for molten HITEC is presented in the alignment
chart of Fig. 5.2. The total heat content of HITEC over the temperature
range 70 to 1100°F is shown in Fig. 5.3. The slopes of the total heat-
temperature lines indicated that the specific heat of solid HITEC is
0.32 and that of the melt is 0.373 cal g=! °C™! (or Btu 1b~! °F° 1),
Latent heat of fusion is approximately 20 cal/g (35 Btu/lb). Other
physical properties of HITEC are reported by Bohlmann. !0



Table 5.1. Phase-change TZS5 materials in the low-temperature regime with

melting points abcve 75°C (167°F)

Melting Latent heat of
Lab Foint phase change
TES material 3 Class Group test

°C °F cal/g Btu/1b

Mg (NO3) 2+6H,0 Inorganic compound II S 89 192. NA NA
BA(OH),+8H50 Znorganic compound II G 82 179. 63.5 114.3

NHyBr (33.4%)/CO(NH5), “noxgznic eutectic I1 G 76 168. NA NA

Acetamide (CH3CONH,) Orgamic compcund I S 82 179. NA NA
Naphthalene (CjoHg) " Organic compound I G 83 181. 35.3 63.5
Propionamide (C,H5CORH,) Crganic compound II G 34 183. 40.2 72.3

Benzamide, 51.8% (CZgH5COMHZ)

Crgenic eutectic II G 33 181. 30.4 54.7

Benzoic acid, 48.Z% (CgHcCOCH)

NA — not availaltle.

%9
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Fig. 5.3. Heal capacity of HITEC. Source: E. GC. Bohlmann, Heat
Transfer Salt for High-Temperature Steam Generation, ORNL/TM-3777, Oak
Ridge National Laboratory (December 1972), Fig. 8, p. 30.

An upper limit to the usefunl operating tempcrature of IIITEC and
other nitrates and nitrites is imposed hy thermal decompositien. Iin
general, this phenomenon is expected to occur over the temperature range
454 to 538°C (849 to 1000°F).

Figure 5.4 preseuls a comparison ot estimated heat storage capabili-
ties of some selected TES materials usable in the intermediate-temperature
regime up to 600°F. Of the heat transfer nils, faloric HT=43 hao the
highest 'heat storage capability.

"A heat transfer oil such as Calorie HT-43 or a molten salt such as
HITEC caun be used in conjunction with a packed bed of solid sensible
heat storage material (Table 4.1) such as inexpensive rocke or other
compatible material. Since the inexpensive solid material displaces
much of the more expensive fluid, such a subsystem is expected ton
sigulflcantly reduce the cost of an all-fluid sensible heat storage
gyotem. Tigure 5.5 shows a preliminary design* concept ot a packed-bed
heat-transfer-fluid thermal energy stora%e subsystem that is proposed
for the Solar Central Receiver Program.!

*
Patent applied for by the McDonnell-Douglas Astronautics Company
and the Rocketdyne Division of Rockwell International.
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Fig. 5.4. Comparative heat storage capabilities of some selected
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5.4 High-Temperature TES Subs&stems

For solar energy conversion applications in the high-temperature
(800 to 1000°F) regime, a PCM utilizing the heat of fusion of an inor-
ganic salt is recommended. A survey of high-temperature thermal energy
storage techniques for solar thermal applications has been recently
completed by personnel of the Sandia Laboratories in Livermore, Cali-
fornia, and a report11 describing their work is under preparation.

The thermal properties of several inorganic salt mixtures that have
melting points in or near the high-temperature range and that could be
selected for the first-round investigation of appropriate solar energy
subsystems are given in Table 5.2. The characteristics of these materials
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Table 5.2, Thermal propertiec of Aaeveral lLipgh-tcmperature
inorganic salt mixtures

: 3
Melting Heat of Density (Ib/ft”)

Material point fusion

Specific heat

(°¥) (Bru/1p)  S0Mid Liguid  (Btu 1b~! “F 1)
NaOH 608 136.8 134 111 0.50
NaNO3 509 "~ 73.8 141 119 0.44
NaCl + MaClp 806 138.5 135 110 0.26
B,03 842 142 115 102 0.43
NaCl + CaCl, 932 120.5 NG NG 0.25

NG — Not given.
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are basically in compliance with the selection criteria given earlier in
this report.

The heat storage capabilities of some selected inorganic salt
mixtures useful for solar energy storage in the high-temperature regime
are compared in Fig. 5.6. Strictly on the basis of heat storage capa-
bility, sodium hydroxide (NaOH) is superior to the others. Sodium
hydroxide is abundantly available in large quantities and is relatively
inexpensive. Several progress reports relating to the design and appli-
cation of systems using NaOH have been issued.l27!5 Because of the com-
paratively large amount of experience gained with NaOH systems to date,
this system is proposed for initial selection as a means of storing
solar energy at high temperatures.

ORNL-DWG 77-49042
600 T —
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400 —
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Fig. 5.6, Heat storage capability of selected inorganic salt
mixtures in the high-temperature (800 to 1000°F) storage regime.
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The design of a space heater utilizing NaOH as the heat storage
medium is shown in Fig. 5.7. This unit consisted of six modules con-
taining NaOH capable of storing up to 400,000 Btu (117 kWhr) at 950°F.
The modules were heated with electric resistance heaters and were cooled
with air as the modules were discharged. The unit was later redesigned,
using steel pipes filled with NaOH rather than the welded panels.

For the second-round investigation of solar energy storage in the
high-temperature regime, one of the more exotic salt mixtures listed in
Table 4.6 could be selected.

A combination of a Stirling engine with a remotely placed heat
source has been investigated by the Philips Physical Research Laboratories.
The Stirling engine is an externally heated engine in which thermal
eneryy can be converted from an arbitrary origin, including solar heat,
into mechanical energy with an efficiency of 35 to 40%. One of the heat
sources investigated consisted of a heat storage system from which heat
was transported to the engine by means of a heat pipe.

One of the heat storage media consisted of a mix of lithium and
magnesium fluorides (LiF/MgF,), The mix T.4F (42.57)/MgF, (57.5%) has a
melting §oint of 1355°F, a liquid-phase specific heat of 0.307 Btu
1b~! °F !, and a heat of fusion of 425 Btu/1lb (Table 4.6). While lithium
is a relatively rare and expensive element, its content in the mix can
be limited to about 10%Z by weight to minimize the cost.

The design of a laboratory model heat storage subsystem designed to
contain high-temperature lithium salts is shown in Fig. 5.818  The
storage material is contained in a Dewar vessel, which has several layers
of metal foil in the evacuated space, vesulting in a heat storage unit
with a very low heat loss. Heat dissipation is achieved by introducing
hydrogen gas to the evacuated interspace, causing a rise of pressure and
thereby increasing the conduction from the storage material. The
hydrogen is produced by heating a small quantity of metal hydride (such
as zirconium hydride) with an electric heater. When the electric heater
is deactivated, the temperature of the hydride decreases, the hydrogen
is recombined, and the pressure in the interspace decreases, thereby
reducing conduction from the storage material.

5.5 Thermal Energy Storage Efficiency

The final selection of a thermal storage subsystem should be based
on a detajled total system analysis, which includeu consideratiuvu of the
performance characteristics of not only the storage subsystem but also
the energy supply and conversion subsystems. However, there is a notice-
able lack of experience in design, construction, and operation of large
(0.5 MWhr(t) or greater] thermal energy storage systems. In addition,
much of the material property data needed In design calculations is -not
available, and the various material stability and compatibility problems
are not well-understood.
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A Outer wall; B metal toil; C liguid lluoride; D inner wall;
E main heater; F metal hydride; G hydride heater

Fig. 5.8. Laboratory model of high-temperature heat storage unit.
Source: ''Heat Release Control," Engineering 214(4): 259 (April 1974).
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One of the important performance characteristics that needs to be
considered is concerned with the efficiency at which the stored energy
can be recovered for useful purposes. Several definitions applicable to
water heating efficiencies are defined in the 1973 Systems Volume of the
ASHRAE Handbook and Product Directory.7 By analogy, the efficiency of
a thermal energy storage device may be defined as follows:

E = thermal energy out
e thermal energy in

This equation is essentially an expression of the energy losses
resulting from processes related to the storage of energy, such as heat
losses from the extension of the unit, and efficiencies of the internal
heat transfer processes. Detailed thermodynamic analysis of representa-
tive heat storage systems must be accomplished to determine their per-
formance characteristics and resultant heat storage efficiencies.

The usefulness of this concept of storage efficiency, when applied
to Rankine-cycle or other heat power devices, is limited by the fact that
it contains no information about the availability change that the energy
may undergo due to the storage system. A storage system should be
matched to the thermal characteristics of the supply and conversion
systems in such a way that the availability loss from passing the energy
through storage is minimized. In some systems, sensible heat storage
will be most appropriate; while in others, latent heat or heat-of-reaction
storage will be better suited. This process of characteristic matching
and availability-loss minimization also may result in the use of a
combined-type or hybrid storage system.

Since the availability describes the maximum amount of work obtain-
able from a quantity of thermal energy, the available energy storage
efficiency compares the maximum work obtainable from the energy taken
from storage with the maximum work obtainable from the energy originally
supplied to storage. Specifically, the definition of available energy
storage efficiency is the ratio of the availabilities of the energy dis-
charged to the energy used to charge; that is,

L = availability of énergy extracted
a availability of energy input

This particular expression for efficiency requires real performance
characteristics for its evaluation. Thus the energy supply, storage, and
conversion systems should be designed and analyzed in order to obtain
the needed characteristics.

Insufficient data are available to list representative or expected
efficiencies for intermediate- and high-temperature TES subsystems.
However, some idea of the maximum efficiency that can be expected of
low—~temperature water TES subsystems can be inferred from data given in
ref. 7. According to this reference, the maximum usable hot water from
an unfired hot water storage tank is considered to be 60 to 807 of the
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storage capacity of the tank under normal draw conditions before dilu-
tion by colder water lowers the temperature below an acceptable level,
assuming that the inlet and outlet connections have been properly
designed. The usable hot water from an unfired tank in gallons per
hour for peak draw can be calculated from the following equation:

_0.7s
QS— d ’
where
Qs = amount of water which may be drawn from the storage tank,
gal/hr, _
5 = capaclty of the vessel, gal,
d = duration of peak hot water draw, hr.

The hot water storage tank should, therefore, be sized to compensate
for any unusable stored energy.

%Y
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6. SOLAR THERMAL ENERGY STORAGE COST CONSIDERATIONS

The major new items needed for economical solar energy conversion
are an efficient low-cost collector system and a convenient, low-cost,
efficient method of storing solar energy as heat. In order to obtain
capital cost comparisons of the various thermal energy storage (TES)
concepts available for solar energy conversion systems, the cost per
kilowatt-hour of thermal energy stored should be estimated for repre-
sentative storage subsystems over the full range of storage sizes
required. The capital costs are divided into costs of major components,
including (1) the cost of the TES material, (2) the cost of the TES
material containment unit, (3) the cost of thermal insulation, and (4)
the installation and transportation costs. It is important to note
that these considerations include only the capital costs. The final
cost effectiveness of a particular concept should be determined by a
life-cycle cost analysis, and such an analysis is beyond the scope of
this study.

6.1 TES Material Costs

The cost and heat storage capability in the desired temperature
range of the candidate TES material are important criteria that must
be considered in the selection of an appropriate solar energy storage
subsystem. One source of current market prices for chemicals that are
considered for use as thermal energy storage media is the Chemical
Marketing Reporter.! Cost quotations in this reference are listed
weekly for technical-grade materials. However, the bulk materials as
received may not be of sufficient purity for direct use for a thermal
storage unit. Since purification techniques are not adequately defined
nor are their prices estimated at this time, the costs obtained from
rof. 1 will represent minimum material prices only. The lowest-cost
materials will probably consist of bulk quantity chemicals based on
compounds of the common elements — sodium, potassium, calcium, magnesium,
aluminum, and iron. The types of low-cost salts will probably be
restricted to chlorides, sulfates, nitrates, phosphates, or carbonates.

Quoted market prices1 of the various constituents of inorganic salt
hydrates and eutectics proposed for solar thermal energy storage sub-
systems are listed in Table 6.1. These prices reflect the list prices
prevailing during the early months of 1976 for large lots f.o.b. New
York. The differences between high and low prices may be accounted for
by Jdifferences in quantity, quality, or locality, according to ref. 1.
The quotations given in ref. 1 do not necessarily reflect prices at
which tranesactions actually may have occurred.

Some of these salts can he combined with water to form hydrated
compounds, many of which have been proposed for use as TES media,
particularly in the low-temperature regime (Table 4.2). Others can be
used in various combinations to form eutectics for higher-temperature
TES applications (Table 4.6). '
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Early 1976 market prices of constituents

for proposed inorganic salt hydrate and
eutectic thermal energy storage media

TES material

Cost ($/100 1b)

Low High
Chlorides
NaCl 1.99 2.23
KC1 2.00 2.75
CaCl, 3.55 3.98
MgCl, 6.00 12.75
Sulfates
NaoSQy, 2.75 3.25
Na28203 10.95 11.20
K, S0y 2.13 2.81
CaSO0y 1.81 NA
Ala(S04) 4 3.55 7.00
Nitrates
NaNO3 5.90 6.Y5
NaNO, 7.00 9.00
KNOj4 9.50 9.88
Mg (NO3)» 32.00 NA
Zn(NO3)2 34.00 36.00
Carbogatqg
Na,CO3 2.80 NA
Ko2CO3 10, 30 11.00
MgCO4q 22.00 23.00
Li,CO; 75.50 79.50
Fluorides
NaF 31.60 32.10
KF 62.00 71.00
LiF 242.00 NA
NaBF, 40,50 46.00
Oxides, Ilydruxides, and Miscellaneous
NaOH 7.00 9.00
Al:Qy 16.00 18.00
B50y 16.00 (Estimated)
LiOH 118.00 NA
LiH 925.00 " NA
Ba(OH) , 34.25

NA — Not available.

"

1‘3
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6.2 TES Containment Unit Costs

The cost of the heat-exchanger—-containment unit is one of the key
factors that determines the practicality of thermal energy storage for
solar power applications. Therefore, the final cost comparisons should
be based on the complete "in-place" installation, rather than on the
cost of the TES material only. Several criteria must be considered in
the design and construction of suitable containment devices for thermal
energy storage.

1. The containment vessel should be of high integrity to prevent
loss of the TES material and prevent evaporation of the water of crystal-
lization if the TES material is a salt hydrate.

2. The containers must be resistant to corrosion by the TES mate-
rial in either the solid or liquid phase.

3. The container material must be able to withstand repeated phase-
change cycling without compromise,

4. Adequate heat exchange surfaces must be incorporated to permit
transfer of stored heat to and from the storage material. The heat
transfer surface may consist of tubular, short-cylindrical, flat-plate,
or other geometries.

5. The containment should be of an inexpensive and readily
fabricable material.

6.2.1 Latent heat TES unit costs

Thermal energy storage devices suitable for space heating through
solar energy and using latent heat or sensible heat storage materials
were analyzed by Lorsch? and associates at the University of Pennsylvania
under National Science Foundation RANN Grant GI-27976. This study included
the costs of heat-exchanger—containment devices for latent heat storage
materials. The TES designs considered are shown in Figs. 6.1 through
6.3. The estimated costs of these units for a range of TES material
costs are given in Fig. 6.4.

To achieve adequate heat transfer area and storage capability, the
TES material was assumed to be packaged in container units with a high
ratio of area to volume. These units are then stacked in a module, as
shown in Fig. 6.1, and the whole placed inside of a steel or other con-
tainment in a cubic array. The unit is then filled with suitable heat
transfer media to function as a complete TES-heat-exchanger package.
This configuration is only one of many possible types, but it is the one
chosen by the University of Pennsylvania group for analysis.

The containment unit materials considered in the designs shown'in
Figs. 6.1 through 6.3 included plastic, aluminum, and mild steel. The
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Fig. 6.1. TES-heat exchanger unit (500,000 Btu), using sodium

thiosulfate pentahydrate (headers at left front and right rear not shown).

Source: By permission from H. G. Lorsch, "Thermal Energy Storage Devices
Suitable for Solar Heating," Paper 749083 in Proc. 9th Intersoc. Fnergy
Convers. Eng. Conf., The American Society of Mechanical Engineers, New

York (August 1974), Fig. 2., p. 574.

ORNL-DWG 75-13260

TES MATERIAL WATER/ETHYLENE GLYCOL

Fig. 6.2. TES module fr sodium thiosulfate pentahydrate. Source:
By permission from H. G. Lorsch, "Thermal Energy Storage Devices
Suitable for Solar Heating,' Paper 749083 in Proc. 9th Intersoc. Energy
Convers. Eng. Conf., The American Society of Mechanical Engineers, New

York (August 1974), Fig. 3, p. 574.
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Fig. 6.3. TES module for P116 paraffin wax. Source: By permission
from H. G. Lorsch, "Thermal Energy Storage Devices Suitable for Solar
Heating,'" Paper 749083 in Proc. 9th Intersoc. Energy Convers. Eng. Conf.,
The American Society of Mechanical Engineers, New York (August 1974),
Fig. 4, p. 575.
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most reliable cost information available at the time was used. The TES
costs shown in Fig. 6.4 include manufacture, shipping, and installation.
The least expensive combination of materials was used, considering com-
patibility requirements between container materials and heat storage
materials.,

Two phase-change materials, with characteristics as follows, were
selected:

TES material

Ch teristi Sodium thiosulfate Sunoco P116
aractert ¢ pentahydrate paraffin wax

Heat of fusion, Btu/lb 90 90

Btu/ftd ; : 9300 4400
Coefficient of thermal 0.33 0.08

conductivity, Btu hr~! ft~1 °p-!

Volume of 500,000-Btu unit, f£t3 64 167
Weight of TES material, 1b 5560 5600

Sodium thiosulfate pentahydrate (STP) has been found to have certain
properties that may detract from its desirability as a TES material.?
However, the results of the analyses in ref. 2 are considered to be valid
for any other phase-change TES material having similar thermal properties.

Figure 6.2 shows one design of a tray unit for the organic TES
material (Sunoco P116 paraffin wax). Because of the lowecr value uf heat
conductlvicy, the heat transfer through the wax is the limiting factor:
therefore, ribbed containers were not required.

In both unit designs, a onc-to-viie 'wlxture of water and ethylene
glycol is used as the liquid heat transfer medium from solar collector
to storage. Both complete modules are designed to store 500,000 Btu
- of heat. The module containing the organic wax (Sunncn Fll6) occupies
morc than twu tlmes the volume of the STP. Although the weights of the
TES material are about the same, the total weight of the complete unit
for the wax is considerably greater because of the larger containment
volume.

6.2.2 Sensible heat TES unit costs

Because of its unique properties, water (or a mixture of water and
ethylene glycol) has been and will continue to be widely used as a
sensible heat storage medium. A major advantage of thermal energy storage
in water is due to the fact that usually no heat exchanger surface in the
containment vessel is required, since the thermal conveyance fluid can
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be identical. A variety of storage tanks for water are readily avail-
able, relatively inexpensive, and reliable.

The quantity of water in a sensible heat storage device is a
negligible cost item. However, the cost of additives to inhibit cor-
rosion or prevent freezing can represent a significant expense. If the
water is to be provided from an existing utility system, there will be a
charge for the amount of water provided. The cost of supplying water
from a surface or ground source is largely a matter of pumping costs.
Two MIUS technology evaluation reports include cost-estimating data for

a variety of water storage tanks.3»"“

The Working Group on Hot Water Storage Systems5 felt that, in com-
parison with the other alternatives currently available, water is
probably the best and least expensive mode of thermal energy storage in
the low-temperature regime.

6.3 Estimated Costs of Solar Energy Storage Devices

Estimated costs per kWhr (1 kWhr = 3413 Btu) of latent heat TES
devices over the specified range of storage capacities up to 36 x 10° kWhr
are shown in Fig. 6.5. These costs were estimated from data given in
Fig. 6.4, using a procedure described in ref. 6. This procedure is
based on the assumption that cost data can be adequately represented by
a straight-line relationship between costs and capacity factor on log-
log coordinates over a reasonable range of capacities. 1In addition, the
method described in ref. 6 includes an escalation factor to account for
time. The following expression is given to estimate the cost of a
specific item-of equipment from the known cost of a similar but dif-
ferent capacity item:

N .

¢ =C<H_D)I_D
b
DK\ B / I,

where

desired cost, $,

known cost, $,

o 0O 0

o X °d =R o

desired capacity, kWhr,

known capacity, kWhr,

present cost index,

M~ H o

=z =~

previous cost index,

a constant depending on specific type of equipment.
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Fig. 6.5. Estimated costs per kWhr of storage capacity for solar
thermal energy storage devices.

The constant N is assumed to be approximately 0.6 for estimation L
purposes. The "Marshall and Swift (M&S) Equipment Cost Index’ is used
to account for escalated cost due to time.

Figure 6.5 indicates that the costs of TES devices can range from
about $30 per kWhr for a unit to store 147 kWhr (500,000 Rtu) down to
about $1.50 per kWhr tu sture 36 x 107 kWhr (1.229 x 109 Btu) when
employing STP as the TES material at $0.40/1b. However, if the cost of
this material is significantly less (~$0.10/1b), the cost of the storage
device would range fram about $15 pev kWhr to about 31.00 per kWhr. The
costs of the units using the organic material (Sunoco P116 paraffin wax)
are intermediate within these extremes.

6.4 Thermal Insulatlon Costs

Numerous documents8~12 describing procedures for determiniug the K
optimum thickness of insulation for process vessels are available. An
agssessment of the status of current thermal insulation technology is
given in ref. 12, Tahles I, II, III, and IV of ref. 13 give material A
costs and installation labor to permit estimation of the costs required
to insulate process vessels. Tables I and II of ref. 13 give costs per
square foot for hot and cold insulation blocks of varying thicknesses.
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Direct field labor man-hours for various vessel insulation operations are
shown in Table III of ref. 13. Table IV of ref. 13 is an attempt at
combining two "judgement" factors to adjust "ideal" conditions to actual
job conditions for arriving at a more realistic cost estimate for an
insulating job.

All the cost data presented in ref. 13 were developed assuming
good design and installation practices. In general, these practices
include single insulation below 800°F and multiple layer for 800 to
1200°F. The insulation is assumed to be always applied in sectional
or segmented form, using the "broken joint" technique, and all joints
are sealed with asbestos cement. All costs given in ref. 13 are based
on November 1962 prices; therefore, an éscalation factor®:7 must be
applied to arrive at current costs.
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