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CANDIDATE THERMAL ENERGY STORAGE TECHNOLOGIES FOR
SOLAR INDUSTRIAL PROCESS HEAT APPLICATIONS

E. Furman
NASA-Lewis Research Center
Cleveland, Ohio

ABSTRACT

The successful application of solar industrial process heat (SIPH)
will depend, in part, on the use of thermal energy storage (TES) to
provide continuous operation during periods of solar isolation. A
number of candidate TES system elements have been identified as
having the potential of meeting this need. These elements which
include storage media, containment and heat exchange are shown.
Recently completed system studies on selected industries have
identified a number of processes where TES appears attractive. These
systems and the suggested TES subsystems are shown and discussed.

INTRODUCTION

A necessary requirement for the successful application of solar
thermal energy to industrial processes is the need to provide
continuous operation of the processes during periods of solar
isolation. The degree of acceptance and utilization of solar energy
"%?] therefore depend upon the successful development and integration
thermal energy storage (TES) subsystems with the solar industrial
process heat (SIPH) installation. The technology base for candidate
TES subsystems is being investiated and expanded by DOE-funded
programs to include a wide selection of media, containment, and heat
exchange in a temperature range of 250-11000C. (500-2000°F).
Current TES emphasis for solar application is on buffered storage (.5
to 2 hours), however, some of the same technologies could be applied
to larger storage capacities (diurnal applications). Studies and
development of advanced storage subsystems are being undertaken to
identify solar industrial process heat systems in the intermediate to
high temperature range. These activities will provide the basis for
a detailed technical and economic evaluation of the most promising
storage subsystems, Selected storage approaches will be coupled with
specific applications and analyzed in detail,




The Department of Energy Division of Energy Storage Systems
(DOE/STOR) has the responsibility for formulating and managing
research and development in energy storage technologies. Major
responsibility for project management in selected areas has been
assigned to DOE national laboratories and other government agencies.
The current management structure and major area of development for
the l1ead laboratories is shown in Figure 1. The lead center will
provide overall management for the TES program including planning,
integration and coordination of the involved lead laboratories. Lead
laboratories will be delegated prime responsibility and appropriate
authority for the day-to-day management and implementation of
activities in their designated areas.

THERMAL ENERGY STORAGE TECHNOLOGIES

Figure 2 illustrates the interdependency of the various system
elements. The end use application will define the TES subsystem
design and operational requirements. The designer's function will be
to select the TES subsystem elements which best meets these
requirements while considering the many constraints including
technical, economic, environmental, institutional and other factors.
It is evident that with the variety of storage media available and
various types of containment and heat exchange, a large number of
combinations are possible. To minimize the development complexity
and costs, it has been necessary to limit the number of TES
concepts. For near-term applications, the major development effort
has been directed to the utilization of existing technologies. This
has included sensible heat media, low pressure containment and above
ground installations. For advanced systems, both sensible and latent
heat media are being studied and tested, Figures 3a, b and ¢
illustrate the variety of media currently being considered, the
planned operational temperature range for the media and the
investigators or proponents for the concept. An attempt is being
made to cover the anticipated end use operational temperature range
with the selection of at least one medium for a given temperature.
This is shown in Figures 3a, b and c, where various types of media
have been selected to cover any given temperature range.

TES Containment, Figure 4, shows the divergent technologies which
have been proposed for TES media containment, Most of these advanced
concepts have addressed the containment problem associated with high
temperature, high pressure water, Descriptions for the various
concepts can be obtained from the designated references. Similarly,
for latent heat applications of molten salts a variety of heat
exchange concepts have been proposed, Figure 5. The withdrawal of
heat energy from the molten salt at the solidification temperatures
results in the deposition of a solid salt layer on the heat transfer
surface. Since salts generally have low heat transfer coefficients,
this results in a high and variable resistance to heat transfer. The
active heat exchange concepts are being developed to minimize this
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problem. Figure 6 illustrates a concept currently under
investigation at Honeywell Inc. The system employs a molten
NaNO3-NaOH mixture as the energy source. The molten salt is pumped
into the reflux boiler and water from the condensate stream is
directly injected into the salt. The saturated water vapor which is
generated is conducted to the condenser as a result of the existing
pressure differential within the system and the ener?,y is transferred
to the cycle working fluid. The molten salt in passing through the
boiler loses only a small amount of its energy. Under these
conditions, the selected salt mixture (a dilute eutectic) forms a
two-phase slush which is returned to the storage tank where phase
separation occurs and the molten salt is recycled.

INDUSTRIAL PROCESS AND REJECT HEAT APPLICATIONS

The "Energy Policy and Conservation Act" (EPCA) Public Law 97-163 was
passed by the 94th Congress on December 22, 1975. Part D of Title
111 of this Act required that FEA establish a program to promote
increased energy efficiency in the United States industry. This
program included the identification and ranking of major
energy-consuming manufacturing industries, the establishment of
energy efficiency improvement targets for the ten most energy
consumptive industries, and the identification of major
energy-consuming corporations within the targeted industries for the
purpose of reporting industry progress in improving energy efficiency.

DOE assigned with the responsibility of conservation released a
Program Research and Development Announcement (PRDA) in January 1977
to identify industrial processes where process or reject heat
recovery systems using TES could be beneficial., Recently completed
system studies on selected industries have identified a number of
processes where TES appears attractive. These included the food
processing, paper and pulp, iron and steel, and cement industries.
Subsequent to these studies, it was discovered that the Scandinavian
paper and pulp industry and a few companies within the United States
are already using TES in their processes. As a result, a contract
has been placed for the collection and dissemination of the available
TES information to the American paper and pulp industry.

Food Processing

The food processing industry is a major user of Tow temperature
(below 120°C} process heat. The industry requires energy at the
rate of 1x1015 BTU/YR (1 Quad), and this places the industry sixth
among the nations largest energy consumers. Within the fnod industry
the cannin? segnents (SIC 2032 and 2033, c?nned specialties and
canned fruits and vegetables) require 70x10 2 BTU input annuall y
which represents about 7% of the food industry total. Low pressure
steam 0.7 MPa ( 100 psig) produced on site is generally the source
of energy, and it is directly used by infusion and by processes that




require a steam atmosphere. Other processes require hot water which
is produced by steam/water heat exchange or by cold water-steam
infusion. These processes or process-related operations include:
cooking, sterilizing, pasteurizing, can- washing and clean-up. This
study was performed by the Westinghouse Electric Corporation in
cooperation with the Heinz USA - Pittsburgh Division of the H. J.
Heinz Company and was funded by the U,S. Department of Ener?y
(Contract EC-77-C-01-5002) and managed by the Oak Ridge National
Laboratory. A schematic of a proposed TES/Waste Heat Recovery System
ir a Food Processing Plant is shown in Figure 7 for the Heinz USA -
Pittsburgh plant. Waste heat from these operations are in the
40-950C (100-2000F) temperature range and can be separated into

high temperature (above 609C) and 1ow temperature (below 600C)
streams. The energy in the high temperature stream only will be used
recuperatively through conventional heat exchange to fresh water,
This isolation will prevent contamination of the water used in the
food processes. The recuperated fresh water is sent to the TES
module for later usage or heated to process temperatures by steam
heat exchange or hot water infusion and returned to the process.
Water that s accumulated in storage during the production period
will be used for clean-up operations during the night shift., The
estimated eqsrgy savings for this installation is in excess of 32
TJ/YR (3x10'V BTU/YR), and based on a duplicate system cost of
$190,000 the return-on-investment is computed to be better than 30%.
A sole-source procurement is currently being negotiateo with Heinz
USA to install a demonstration system in their Pittsburgh facility.

Iron and Steel

The primary iron and steel industry consumes about 11X of the total
national industrial energy usage. The Rocket Research Company with
support from the Bethlehem Steel Company and the City of Seattle
Lighting Department conducted a study entitled "Application of
Thermal Energy Storage Techniques to Process Heat and Waste Recovery
in the Iron and Steel Industrg“. Waste heat recovery in the
temperature range of 315-15400C (600-28009F) was indicated as

being potentially recoverable. The system selected in the study is
shown in Figure 8. Waste energy from the primary arc furnace
evacuation system is passed through an operational store TES module
which acts as a buffer to dampen the temperature variations which are
inherent in the furnace discharge. The fume stream is then passed
through the peaking store TES module where the energy is stored as
sensible heat in a packed bed (refractory brick, slag or scrap steel)
and is exhausted through the baghouse. During discharge from
storage, the gas flow in the peaking store TES Toop is reversed and
the heated gases are blended with the discharge gases from the
operational store TES discharge in the mixing valve, passes through
the heat exchanger and into another mixing valve. Part of the flow
is recirculated through the peaking store TES module and the
remainder passes to the baghouse. A steam-driven turbine operates to
generate power for peak shaving (either in-plant or for utility area
demand peaks).




The proposed conceptual system for the Bethlehem plant could result
in an estimated payback period of five years depending on the
combination of electricity costs and the size of the power generation
equipment. Assuming fossil fuel 1s used to produce peak power, the
potential ofl savings for a 7 Mg generator operating 300 days/year
woulg be 16,000 bb.  Overall industry of! savings could approach

X .

Cement

The cement industry is the sixth largest user of industrial energy in
the United States, The mjorit¥ of this ener?y (80%) is consumed as
fuel in the operation of the kilns, however, less than 50X of the
energy input is required in the chemical reaction to form clinkers.
Martin Marietta Aerospace with team members Martin Marietta Cement
and the Portland Cement Association, investigated the use of TES in
conjunction with current reject heat usage in the cement {ndustry.
Details of this study are contained in the final report “Application
of Thermal Energy Storage in the Cement Industry". Waste heat from
the kiln is obtained from the ?as effluent and from the clinker
cooler excess air. This is illustrated in Figure 9 where two TES
modules using solid sensible heat storage material, such as, magnesia
brick, granite, limestone or cement clinkers are shown., The exhaust
gas heats the high temperature bed to 8150C (15009F) while the
clinker cooling gases heats the low temperature bed to about 2350C
(4500F), The modules are dischar in a series flow to supply
ambient air heated to 6500C (12000F) to the waste heat bofiler

where steam is generated to produce electricity., A 10 MWo output

is planned to operate continuously. This requires that 88-90% of the
exhaust flow go directly to the boiler with the balance going into
storage. At this rate, storage would be fully charged (240 MWghr
capacity) in one week.

The economic analyses of the system indicates that for the proposed
installation the cost would be 10 million dollars and a ROI of 90X is
anticipated for a 30 year system life and an average energy cost of
2.8¢/kwh, About 15% of this ROI is attributed to the TES system,

The pgtential energy savings for the cement industry is 4x10° bbl

of ofl.

SOLAR POWER GENERATION

A concept which utilizes a moving bed of free-flowing solid granules
or microspheres as a mechanism for heat absorption, storage, and
transfer to a working fluid has been proposed by the Babcock and
Wilcox Company for Solar application. This concept is shown in
Figure 10. Silica sand or. fused silica microspheres are transferred
upward by Archimedes pumps from the steam generator discharge to the
solar collector where the free-flowing sand is heated to 5400C
(10000F) as it flows downward through vertical tubes in the




collector. A portion of this heated sand is directed to the steam
generator via the central supply tube and the remainder is put into
storage. The heated sand refills the storage bin as cool sand is
displaced from the bottom until the heating cycle is completed.
During the night, high temperature sand from storage supplies the
energy input to the boiler. The solar collector is by-passed during
this period by opening the sliding baffle in the upper pump conduit.
The 1ift pump speed is controlled to maintain the desired temperature
profiles in the cycle. Sufficient energy is collected and stored to
provide 28.5 MWt continuously over a 24 hour period. This energy

is converted to steam at 5.2 MPa, 4300C (750 psfa, 8000F) and to

an electrical output of 10 MW,

CONCLUDING REMARKS

Industrial production enerqgy requirements are about 40X of the total
energy consumed in the United States. The major share of the erergy
is derived from fossil fuels and significant savings are possible
through the use of solar generated process heat coupled with thermal
energy storage. DOE/STOR's current activities are directed to the
development of generic storage subsystems which will be applicable to
solar industrial process heat systems in the intermediate to high
temperature range. In-house studies are planned during the current
fiscal period to identify technology requirements for SIPH
applications. These studies will provide the course for future
research and directed development efforts. The ultimate objective of
this effort is the demonstration of cost-effective thermal energy
storage systems capable of complementing the solar generated process
heat source and contributing to energy conservation in the industrial
sector.

In addition to the contents of this paper, a panel summary on Storage
for Solar Process Heat should also be noted (reference 11). The
panel recommended that primary emphasis for the near-term (1980-85)
and mid-term (1985-90) should be directed to the transfer of
developed industrial process heat storage technologies to solar
applications. In support of SIPH applications for the far term
(beyond 1990), an aggressive program should be planned and
implemented within the next five years to develop the technologies
required for the transport of solar process heat to the industrial
users (via chemical reactions or hydrogen).

REFERENCES

1. First Annual Thermal Energy Storage Contractors' Information Exchange
Meeting, Lewis Research Center, Cleveland, Ohio, September . 6.




A

10.

n.

cond gguﬂ Thcmﬁ1 Eger?x Storage Contractors' Information Exchange
ak Ridge National Laboratory, Gatlinburg, Tennessee, Septem-

er 29-30, 1977, CONF~770955, 1977.

hird Annual Thermal Energy Storage Contractors' Information Exchan
ting, Springfield, Virg’n?a. ﬁgcemSer 5-6, 1978, CONF-781237, 199%.

EE

- o

E|

. Hausz, W., Berkowitz, B. J., and Hare, R. C., "Conceptual Design of

Thermal Energy Storage Systems for Near Term Electric Utility Applica-
tions, Volume Two: Appendices - Screening of Concepts," General Elec-
tric Company, GE78TMP-60-Vol. 2, DOE/NASA/0012-78/1-Vol. 2, NASA CR-
159411-Vo1. 2, October 1978.

. Lundberg, W. L. and Wojnar, F., "Applications of Thermal Energy Storage

to Waste Heat Recovery in the Food Processing Industry," presented at

the 14th Intersociety Energy Conversion Engineering Conference, Boston,
Massachusetts, August 5-10, 1979, ACS Paper 799099.

. "Cost Study, Shop Assembly Versus Field Assembly of Heavy Wall Coal

Gasifier Reactor Vessels," Energy Research and Development Administra-
tion, FE-2009-13, December 1976.

. MacCracken, C. D., "Sodium Sulfate Thermal Storage," Contract NAS3-

20986, Calmac Manufacturing Corporation, June 1978.

Burolla, V. P. and Bartel, J. J., "The High Temperature Compatibility
of Nitrate Salts, Granite Rock and Pelletized Iron Ore," Sandia Labs.,
SAND79-8634, August 1979.

Schluderberg, D. C. and Thornton, T. A., "Moving Bed Heat Transfer for
Advanced Power Reactor Applications," presented at Miami International

Con ference on Alternative Energz Sources, Volume 9, Hemisphere Publish-
ng Corporation, 8, pp. 3959-3980.

Davidson, W. W., et al., "Closed Brayton Cycle Advanced Central Re-
cefiver, Solar-Electric Power System, Volume II," U.S. Department of
Energy, SAN/1726-1, November 1978.

"Proceedings of Solar Energy Storage Options Workshop," San Antonio,
exas, Marc -20, ’ F-79. , October 1979,
7




(L LARYL 8L L]

UL B L T

(D MLADARTENS)
R S
TN (ALY STOMAY
L]
.
(12 Rili] pviD M
b — it T A4)
LEAD | BMRATONY SR
M "N Lo ] (L AT WAL r WDV, IIHI' ”~
LTOMAGE PP\ ICATION PP (AT 0N (g0 10 W (AT IS
LEQD LABOMITRY . MBI LEAR LagmaTREY % t LERD LADORTORY  OoAmy

VTR IN
L.

5 A

s

il

2]

"0
AL,
L

il

CIUM | TeneGtn PARMER AT GTRG TuM FIGUE 2 - THEMAL CRLAGY STOMAGE SYSTER
Lo UMISLIGAIOR/PROPORERT  SOLIRS LTSGR PROPOER]S
o WATER - |0V TEWPERATIRE (( A08C) WESTINGNOUSE /WE 100 -ysA o MINS
< WG TENPERATIRE ( 260-%0%() me v: SIULL 21N - (hON, STEEL (WP 10 1)0080) ROCKET RESEAMCH (D)
R/D ASSOCIATES (¢)
DRTARIO WORO (4 ) o WINERAS
- KK (uP 10 55000) 6. OF MINNESOTA (1- D
o S COPONDS
- SN P 10 g56Cy . ¢
. 0N (200-Boe0) 0w (&), AetOMLL- " n . WL viem 9
DOUGLAS (4}, WRTI- TAC0m1 1E U 10 550001 SMOIA L. L. B
WRILTTA (8 )
s (Hmics
o TNRGARIC CONPOUNDS - FUsED - MUVNA P 10 900e() BOEING €4, ¢ CowsTaCTiOn
WS (90-40000) ORNL/GENERAL ATORIC (4 ) [ {H
WRTIN AT () S WCSIA (P T0 9008) W0 (. § CUETETIoN
- OEMWIAL SWLF (118-000%C) M. A S (V) ovaw (1)
LIGRE 3o - SESSIME NEAT STORAGK DU
ELGRL o SOGURT wial S1OMGL D18
O0IS-LIMUD Puash Lol UNS1IGATO/ PROPONN]
[ ] T st L
o MITRATES (300 3000C) oNEYWELL 1. (5.9 o uibn MRS 183
LR (nCAs BIDK & W (8
" (29 -A80) CoNSI0E & WESCOTT 1. (1-8)
o IWIROKIDEY » - MRESTRISED CAST 1hQw viSUlL TS0 A VTSR X )
o (ROINS ($70-800% ) AU A (R (1-4) L (1-4) - PRLSTALSSED (OMRETE MES. vESSl SRA. & MW (0
1e80- ) 1NST. OF GAS TECHMOLOGY t1-4)
o cmowTEs Ltk " o LOW PSS TamS
o FLOMIDES  (6a0-0h08C) MOON MATIONL LAMBAIRY Q.3) Y, ™ ] RO M (O
000106 (NGIEER 1A § COMSTRCY 10N - e WU W o)
(oPNN o) - W . ¥ W T
o MINS (430-908C) u. O bidemt 4 %)
L)
- o STEEL-{1MED CawiTv/NCE SaPoant Vo M1ty (o)
LD 0L Puidd Cmd o SHU ME/AI SUPPR! /vl INED (MY otasie MBS (1)
o S0 msal (2000() AW 1. ()
LA s 1S Contalmta
UG 3 - LALEN] AT SIORACE NELA

x,\{\)\] \ \"Uu 1

[QUSY

OR\U‘\ Ak




Pram Moat
Outer SHELL AWD TURM
CONDE TR
- )
[T ¢ imSLIGAIOM PRaPOREAT B
« TUBt/SMELL RV AIRCRIFT COMP. (1-&
o AOLE COL - CUmED NEDIW MAVAL RESEARCN 1ABS (14

o DIRITT COMTACT . (WTEMMEDIATE FLutD G (-0
oYL I (3-8

o RCWICA SCANPER WONEYWELL (0 . R (D)
o KLUIDIIED BEC - ENCAPSAATED MEDIA [ COR N INC L]

T
- e

L N = LR RO R

Tupe ! mter Vi HiMMeie met B ers WIMD AUERII el Tome ) W ieiag

SLIDING BAFILE
1o’
Wasle hest MACHINERY
BUILDIN
¢ [~ sotan
BY PASS COLLECTER
“ SURFACE
. 8 8G {
) SUPPLY TUBE + L~ STORAGE BN
%0 428 DIA = -
i SUPPORT SKIRT
A

ARCriMEDLS LIFY TUBE STEAM GENCMTOR

1n SAND RECIRCULATING TUSE

Fuqure®  Comont pland onerqy HCOnary S SHY age sysiom

figure 10 - Geners) Arrangument - Babcecs § Wilces
Noving Bod Selar Pamer Pling



B L L s

Nl L

Edward R. Furman

E-285

1. Report No. 2. Government Accemion No, 3 Reviprent’s Catsiog No
NASA TM-81380
4. Tile ang Subtitie § Report Date
CANDIDATE THERMAL ENERCY STORAGE TECHNOLOGIES o
FOR SOLAR INDUSTRIAL PROCESS HEAT APP LICATIONS €. Pertormeng Organization Code
T Author(s) ] Pn!mmmqovgmm;_;ﬁm No 1

Lewis Research Center
Cleveland, Ohio 44135

9. Pertorming Orginization Name and Addrens
National Aeronautics and Space Administration

10 Work Uit Ne

R ————

11. Contrect of Granmt No )

12. Spomoring Agency Name and Addves
U.8. Department of Energy e
Energy Storage Systems Divisfon 14. Spomoring Agency ewor Report No,
Washington, D.C. 20545

13. Type of Report and hnoq Caveted ]
Technical Memorandum

DOE/NASA/1034-78/6

18. Supdementary Nows

Prepared under Interagency Agreement EC-77-A-31-1034. Work performed for Solar Industrial
Process Heat Conference sponsored by the zolar Energy Research Institute, Oukland,
California, October 31 - November 2, 1979.

8. Awtract

The successful application of solar industrial process heat (SIPH) will depend, in part, on the
use of thermal energy storage (TES) to provide continuous operation during periods of sclar
isolation. A number of candidate TES system elements have been identified as having the
potential of meeting this need, These elements which include storage media, containment and
heat exchange are shown. Recently completed system studies on selected industries have
ideatified a number of processes where TES appears attractive.
gested TES subsystems are shown and discussed,

These systems and the sug-

17. Koy Words (Sugaested by Author(s) )
Thermal energy storage

18, Distribution Statement
Uncliassified - unlimited

Sensible heat STAR Category 44
Latent heat DOE Category UC-942
Industrial process heat
18, Security Claesid. (of thig report) 20. Security Ciasit. (of this page) 21 No of Pages 22. Prce’
Unclassified Unclassified

" For sale by the Nationa! Techmcal Information Service Spunplield Vigima 2216)




	1980007300.pdf
	0014A02.JPG
	0014A02.TIF
	0014A03.TIF
	0014A04.TIF
	0014A05.TIF
	0014A06.TIF
	0014A07.TIF
	0014A08.TIF
	0014A09.TIF
	0014A10.TIF
	0014A11.TIF
	0014A12.TIF
	0014A13.TIF
	0014A14.TIF
	0015A08.TIF
	0015A09.TIF
	0015A10.TIF
	0015A11.TIF
	0015A12.TIF
	0015A13.TIF
	0015A14.TIF

	notice_poor quality MF.pdf
	0001A04.JPG
	0001A04.TIF
	0001A05.JPG
	0001A05.TIF
	0001A06.JPG
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A12a.JPG
	0001A12a.TIF
	0001B02.JPG
	0001B03.TIF
	0001B04.JPG
	0001B04.TIF
	0001B05.JPG
	0001B06.JPG
	0001B07.JPG
	0001B08.JPG
	0001B09.JPG
	0001B10.JPG
	0001B11.JPG
	0001B12.JPG
	0001B12a.JPG
	0001C02.JPG
	0001C03.JPG
	0001C04.JPG
	0001C05.JPG
	0001C06.JPG
	0001C07.JPG
	0001C08.JPG
	0001C09.JPG
	0001C10.JPG
	0001C11.JPG
	0001C12.JPG
	0001C12a.JPG
	0001E02.JPG
	0001E03.JPG
	0001E04.JPG
	0001E05.JPG
	0001E06.JPG




