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This paper gives an overview of the Solar Energy Storage Program at the Solar Energy Research 
Institute. The program provides research, systems analyses, and economic assessments of thermal 
and thermochemical energy storage and tr&liS{)Ort. Current activities include experimental 
research into very high temperature (above sooOC) thermal energy storage and assessment of novel 
thermochemical energy storage and transport systems. 

The applications !or such high-temperature storage are thermochemical processes, solar thermal­
electric �wer generation, cogeneration o! heat and electricity, industrial process heat, and therm­
ally regenerative electrochemical systems. 

The research results for five high-temperature thermal energy storage technologies and two therm­
ochemical systems are described. 

-This work was funded by the U.S. Department of Energy, Energy Storage Division under 
contract EG-77-C-0 l-4042. 
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1 INTRODUcnOH 
The overall objective of the solar energy storage program at the Solar Energy Research Institute is 
to develop cost-effective advanced thermal energy storage and transport technologies for use in 
solar-powered systems to make the costs of such systems competitive with fossil-fuel-powered sys­
tems in the 1996-2010 time frame. The emphasis of the program is on thermal energy storage for 
solar thermal power and process heat applications and on thermal energy transport. Our research 
was redirected in 1982 towards high-temperature (above 800°C) storage and associated direct­
contact heat exchangers as a result of value and cost analyses performed in prior years (Refs. 1,2,3) 
and completed in 1982. We also identified in 1982 new areas for thermochemical energy storage 
and transport having considerably greater energy densities than previously studied systems. 

The rationale for concentrating the research on storage at temperatures above 800°C is that (1) 
high-temperature storage provides a good potential for significant conservation of premium fossil 
fuels; (2) systems below 600°C are already fairly well developed; (3) high-temperature storage 
represents high-risk, high payoff research not likely to be sponsored by industry; and (4) high tem­
perature is the direction of the solar central receiver work within the United States Department of 
Energy, Solar Thermal Technology Division for improved energy conversion efficiency and our stor­
age lilrogr&m is in support of their work. The high-temperature thermal storage systems offer the 
!lOtential for 3096 cost reduction for solar hydrogen production (Ref. 4) and for 1596 cost reduction 
for solar electric power generation (Ref. 5). 

The applications for high-temperature (above 800°C) energy storage are (l) thermochemical pro­
cesses, such as fuels and chemicals [>roduction; (2) solar thermal-electric [)OWer generation tolilping 
cycles using turbine equipment; (3) cogeneration of heat and electricity; (4) industrial process heat, 
such as cement and glass (;)roduction and (;)etroleum refining; and (5) thermally regenerative elec­
trochemical systems. 

2 SYSTEM ANALYSES 
The choice of storage technologies subjected to advanced research is based on value and cost anal­
yses. The value of thermal storage in solar thermal awlications is based on the cost for fossil-fuel­
!lOWered backup systems using either natural gas or residual oil, using medium to high fuel cost 
escalation scenarios. TY[)ically, the value calculations apply to the 1990 time frame. Such value 
calculations have been made both for electric power generation applications (Ref. 1) and for indus­
trial [)rocess heat awlications (Ref. 2). The value [)rovides cost goals. Storage concepts are then 
assessed relative to these cost goals using a consistent costing methodology taking into account the 
performance of each system. Both value and cost for storage are a function of storage capacity. 
Generally the value and cost decrease with increasing storage capacity (storage duration) but not 
necessarily at the same rate. 

The costs for a large number of advanced storage concepts have been estimated. Some of these 
systems for which the original cost estimates compared favorably with the value have been sel­
ected Cor research either in-house by the Solar Energy Research Institute or under subcontracts. 
This research includes concepts having storage temperatures ranging from 385°C to l450°C. The 
storage technologies covered by this research are shown in Table 1. The cost data are the latest 
projections based on the costing methodology described in Ref. 3. In some cases these projections 
are considerably higher than the original projections made when the research was initiated. This 
fact accounts for systems being investigated that have value-to-cost ratios below unity. 

The status of the research for these five systems is described in the next section. 

3 ADVANCED RESEARCH IH THERMAL ENERGY STORAGE 

3.1 Moltell s!g (Ref. 6) 
Anal�s, conceptual design, and experimental work was conducted for very high temperature 
(1400°C) thermal energy storage for a 23-MWt solar energy system including a central receiver and 
a Brayton-cycle turbine, for a lQ-MW e electric power application. 

The heat transfer and storage medium is a glassy slag. Beads of slag are melted by direct­
absorption heat exchange in the solar central receiver. The molten slag is stored at 1380°C in ! 
refractory-lined storage vesseL Slag pumps use sliding valves and air pressure [2.5 x 106 N/m 
(25 atm)] to move the slag from the storage tank to the direct-contact heat exchanger. Sensible 
heat is extracted from the molten slag in a direct-contact heat exchanger in which the slag is 
sprayed through a high-pressure counter-flowing working gas. The l230°C hot gas operates a 
regenerative Brayton gas turbine with 43'16 efficiency. The solidified slag droplets at 712°C are 
returned to the central receiver to repeat the cycle. 
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Table 1. Value-to-Cost Ratio for Advanced Thermal Stonge Concepts with 
Appropriate Advanced Central Receivers 

Storage Storage Value Cost Value/Cost 
Technology Capacity Application ($/kWht) ($/kWht) Ratio (hours) 

Molten slag 6 electric 2D-25 28 0.1- o.s 
power 

High temperature 6 electric 25 5.0 5 
molten salt power 

Draw salt/air rocka 48 process lD-20 6.1 l .s-3.0 
heat 

P�change salt/ l-15 process 20 25-30 0.1-o.a 
ceramic pellets heat 

Metal/phaSe-change l-15 process 20 10 2 
salt heat 

awith direct-contact heat exchanger. 

The objective of the work was to demonstrate the technical and economic feasibility of this system 
concept. The scope of the work included (l)  an investigation of the thermophysical and chemical 
properties of candidate thermal energy storage media and containment vessel materials, (2) anal­
ysis of heating and melting of the storage medium in the solar central receiver, (3) study of slag 
handling and transport including design of slag pump and bead transport system, (4) development of 
droplet heat exchanger model, (5) conceptual design of the thermal storage subsystem, and 
(6) determination of capital, operating, and maintenance costs using a prescribed methodology and 
specifc economic parameters. 
Slag selection was made on the basis of low viscosity (<l Pa s) at the melting point, melting point 
around l300°C, relatively high surface tension, low vapor pressure, stability at high temperature, 
and high heat capacity. The selected material, 5096 Si0-.2, 3096 CaO, and 2096 MgO, haS a liquidus 
temperature of l360°C, viscosity of 0.51 Pa s at 1400°c; density of 2.9 g/cm3, surface tension of 
0.42 N/m at 1400°C, specific heat of 1.22 kJ/kg K, and a partial pressure for SiO at 1360°C of 3.5 
mPa. 
The am�unt of slag stored depends on the required storage time and ranges from 9.6 x 104 to 
4.6 x 10 kg for 1 to 48 hours of storage time. The cost of the slag is very low in comparison with 
other storage media, except rocks. But rocks cannot withstand the high temperature of this 
system. · 

The selected insulation far the storage tank and slag pumps is fused-cast alpha- alumina (99.396 
Al203) blocks having high resistance to basic slags. The corrosion rate at the melt line at l380°C 
is about 0.2 mm per day. 
The <i"oplet heat exchanger (6.5 m high and 3 m in diameter) is lined with graphite blocks. Pres­
surized slag is injected via a molybdenum injector plate and forms l - mm droplets that solidify 
before hitting the bottom of the heat exchanger at noOC. The baseline design uses 2 x 106 N/m2 
(2D-atm) argon as the working gas. Experiments on the liquid injection system were performed and 
droplet farmation (in the range of l to 3 mm of diameter) was achieved. 
The economic analysis showed that the costliest items are the fused-cast alpha-e.l.umina blocks for 
tanks, pumps, and pipes; the slag pumps; and the droplet heat exchanger. The capital investment 
costs range from $239/kWh for l hour of storage capacity to $22/kWh at 48 hours of storage capa­
city. In comparison with other thermal storage technologies for electric power production, the 
molten slag system is more costly at all storage capacities. Thus, any future work must be directed 
to find lower-cost insulation materials and to reduce the cost of the slag pumps and droplet heat 
exchanger. The feasibility of the direct- contact central receiver also needS to be established 
through additional work. 
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3.2 BIBb-temperature molten salt (Ref. 4) 

The objective of this project is to research key issues in advanced, high-temperature molten salt 
thermal storage. Systems analyses at SERI have shown that high-temperature (800° to l100°C) 
molten salts are potentially attractive both as receiver coolants and as storage media, but at high 
temperatures they may require direct-contact heat exchange, new kinds of storage tank insulation, 
and new ways to maintain a sharp thermocline (Ref. 4). The salts could be sodium hydroxide, car­
bonates, or chlorideS. They are all inexpensive and stable up to ll00°C. Applications for solar 
thermal-electric power generation using combined ener!?J. conversion cycles have been identified 
for maximum temperatures ranging from 900° to 1100 c. A multiphase project is being con­
ducted. Initially, the 900°C case is being explored since it has lower risk; the l lOOOC case will be 
emphasized in the latter phases. 

The problems with such high-temperature salt storage are how to contain the hot salt, how to 
achieve high storage efficiency, and how to accomplish the containment and high efficiency in a 
cost-eft ecti ve manner. 

The approach to solving these prOblems is to use a single-tank thermocline storage subsystem, sub­
merged internal insulation, and an insulating platform floating at the thermocline between the hot 
and cold salt. 

This approach allows use of a low-cost carbon steel container at l l 00°C molten salt temperature 
because of the internal insulation. The design is such that at a 2% daily heat loss, the temperature 
drop through the insulation gives 350°C at the tank wall. The intemal insulation is porous to 
reduce the insulation weight and cost. Trapped molten salt acts as insulation in its own right. 
There are a number of potential mechanisms that tend to degrade a thermocline (Ref. 7). At the 
high temperatures involved here, there is also a radiation exchange from the hot salt and wall insu­
lation at the top of the tank to the cooler salt at the bottom. Many of these degradation mechan­
isms are eliminated or reduced by the use of a floating insulating J?latform between the hot and 
cool salt regions. The platform ensures a sharp thermocline and thus high storage efficiency. 

During 1982, two of the key issues were addressed: an insulating floating J?latform (raft) and 
materials compatibility. The raft must follow the interface of the hot and cold fluids at all states 
of charge and discharge. Such a device has not previously been demonstrated in practice. Stability 
of the raft must be ensured. Water was used as the medium for the precursor experiments to min­
imize cost. Later in the program a raft will be tested in molten sillt. 

The structural and insulating materials must be compatible with the molten salt since they lll'e in 
direct contact. Three mechanisms could cause incompatibility: chemical reactions, corrosion, and 
solution. The need for a long life and minimal replacement costs permits only very low rates of 
material degradation • Some candidate materials have been identified as J?romising. Research is 
continuing to evaluate these and to identify other low-cost materials (Ref. 5). 

3.3 Draw salt/air roek (Ref. 8) 
Research was initiated in 1982 for molten nitrate salt storage 550°C in combination with air/rock 
_s�or�_where_ the_heat is transferred from the molten salt to the rock using an air loop. The 
applicatioo for this technology is industrial I;>rocess heat. The work involves evaluation of the heat 
transfer coefficient between the molten salt and air in a packed column heat exchanger. 

The objective of the research is to reduce the heat-transfer-related costs of thermal energy stor­
age systems. Direct-contact heat exchangers have cost advantages over conventional !in-tube 
indirect heat exchangers and would be used to couple short-term molten salt storage to longer-term 
air/rock storage to obtain !�duration storage. 

Air/rock storage systems have been identified as a (;)romising high-capacity-factor storage alterna­
tive for molten nitrate salt receivers. A large component of the cost is the heat exchanger needed 
to transfer energy to and from the air. The cost of such heat exchangers can potentially be 
reduced by approximately tw�thirds if they are replaced with packed columns in which air and 
molten salt are in direct contact. Direct-contact devices are also advantageous because they are 
not subject to fouling. 

A second use for such direct-contact exchangers would be in very high-temperature (800°C to 
ll00°C) molten salt receiver/storage systems using molten sodium hydroxide or carbonate salts. 
Analyses have shown that these systems can J;)roduce electricity for 12% lower cost than nitrate 
salt systems (Ref. 5). At these high temperatures, the direct-contact exchangers would compete 
even more favorably with conventiooal heat exchangers because conventional exchangers would 
need ceramic tubes, which are expensive and difficult to fabricate. The cost differences are so 
great that they have a direct bearing on the system J?racticality (Ref. 9). 
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An experimental loop has been constructed to develop methods for predicting the performance of 
direct-contact heat exchangers, and to test various packing designs. Such testing will be conducted 
in 1983. 

3.4 PI!!!MHI!!np Slllt/ceramie pellets (Ref. 10) 

Experimental and analytical investigations were made for energy storage in conjunction with solar 
central receiver systems using air as a working medium and a Brayton energy conversion cycle 
operating at 700° to 900°C for electric power generation. An alternate application is for industrial 
process heat. 

The energy storage is achieved using direct-contact heat exchange between air and pellets of high 
heat capacity, consisting of a mixture of phase-change salts within a porous ceramic matrix. The 
salt changes phase from soUd to liquid over the storage operating temperature range. The molten 
salt is held within the void space in the ceramic body priman1y by capillary Corces. 

The work so far has centered on fabrication techniques and material stability of the pellets. The 
mechanical properties of the pellets have been tested, and laboratory experiments have been con­
ducted to evaluate the charge/discharge characteristics of the pellets. 

From 10 candidate salt mixtures, a carbonate salt with a composition of 48 wt 96 Na2co3 and 
52 wt 96 Baco3, and with a melting point of 7 l3°C and a heat of fusion of 185 kJ/kg, was selected 
for proof-of-concept testing and for further development. Both MgO and NaAl02 were evaluated 
as ceramic support materials, and the magnesium oxide was selected for proof-of-concept testing. 

A composite powder of approximately 60 vol 96 (or 51 wt %) salt and 40 vol 96 magnesium oxide was 
prepared by spray-drying of aqueous sl�es. The powder was consolidated through die-pressing 
into cylindrical high-density (1.8 g/cm ) pellets of approximately l3 mm diameter and 10 mm 
height. Sintering at l lOOOC for 2 hours (or 1150 0C Cor l hour) yielded pellets of 8796 theoretical 
density at room temperature. The pellets were evaluated for salt retention capability, thermal 
cycUng response, and packed-bed behavior. Exposure of sintered pellets to various temperatures 
(80D-850°C) and durations (SD-115 hours) gave weight lasses ranging from l 96 to 1896. 

A laboratory-scale, direct-contact heat exchanger was used to ev�luate the performance of a ran­
domlY. packed bed of pellets. A maximum heat nux of 5.2 kW/m was achieved for an air now of 
5.7 m3/h in an experiment in which approxirately l kg of pellets with a volume packi� density of 
58% and a heat transfer surface of 0.26 m were heated to 815°C and cooled to 615 C, giving a 
change in enthalpy of 0.25 MJ, for 17 cycles over a 398-hour period of operation. 

An economic analysis showed that the capital investment for a 2166-MWht system would be appro�r­
imately $30/kWh oC thermal storage capacity using carbonate salt-magnesium oxide pellets. 
Although this cost is higher than the value at 6 hours of storage capacity, the value-to-cost ratio 
for smaller storage capacities would exceed unity. The eost of $30/kWht also represents a consid­
erable reduction as compared to the cost for thermal energy storage in ceramic bricks. 

3.5 MetaJ/phase-ehange salt 

The final system investigated in·•olves hot salt storage for a solar central receiver system using 
water/steam as a heat transfer medium. The system is shown in Fig. 1. It uses a two-stage storage 
subsystem. The first stage uses latent-heat storage and the second stage, sensible-heat storage. 
The al)plication is for industrial process heat steam at 482°C, 3.1 MPa. Our work involves an 
experimental investigation of the heat transfer and operation of the first-stage storage. 

In this system, molten droplets of salt at 292°C from the liquid-salt storage tank are injected at 
the bottom of a container for the liquid metal (Pb/Bi) carrier fluid. As the lighter-weight molten 
salt droplets rise through the cooler liquid metal, they release their heat of Cusion and solidify indi­
vidually. The solidiCied salt is pushed over the edge of the heat-transfer container and falls to the 
bottom of the salt storage tank where it is melted again by a spray oC 32l°C salt from the 
first-stage water/steam-to-salt heat exchanger in the central receiver loop. The liquid metal is 
pumped to a storage tank and to the first-stage heat exchanger at the user side. 

The temperatures shown in Fig. l and mentioned above apply to a draw-salt system. However, it 
was found that the draw salt oxidizes the lead-bismuth alloy. Thus, alternative phase-change 
salt/metal systems are presently being investigated. One possibility is sodium hydroxide with 
Pb/Bi. Another possibility is to use an oil instead of the metal. 

The experimental equipment has been built and heat transfer measurements will be conducted in 
1983. 
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4 THERMOCHEMICAL ENERGY STORAGE AND TRANSPORT 
Two areas of potentially cost-effective thermochemieal energy storage and transport of higt:­
quality thermal energy have been identified based upon extensive assessments: (1) carbon dioxide 
splitting for carbon monoxide transport, and (2) thermochemical heat pumping using the strong exo­
thermic reaction of molten anhydrous materials with water. 

Previous thermochemieal transport systems that were assessed all had energy densities of 2. 7 to 2.9 
:'<IJ/mJ. 1'hese systems were not cost-effective compared to molten salt transport or compared to 
natural gas or residual oil at medium to high fuel cost escalation rates (Ref. 11). However, a 
reduction in cost of a factor of two would make thermochemical transport systems c'JSt-effective. 

Carbon monoxide has an energy density of 12.6 �1J/m3, which is a factor of 4.3 to 4.6 higher that 
the systems previously studied. Furthermore, carbon monoxide transport would potentially require 
lower capital investment compared to the other systems studied because the exothermic ;.:>ortion of 
the chemical plant is eliminated and only a one-way pipeline is required, as compared to a two-way 
;?ipeline for closed-loop systems. Finally, very high temperatures (above 1500°C) are available 
from the combustion of carbon monoxide. 

The generic chemical heat pump system under study is shown in Fig. 2. This system ean be used for 
either storing or transporting solar energy. We are initially investigating simple hy(!.ration reac­
tions; e.g., solution of hydroxides in water. Heat is generated by mixing hot anhydrous hydroxide 
with steam under vacuum conditions 0. The heat of hydration eauses an adiabatic temperature 
rise followed by heat removal to the industrial user ® . The �eactor would contain an adiabatic 
section (a mixing tee followed by an insulated section of pipe) followed by a cooled section (a 
counter-<!urrent heat exchanger). Tl1e user heat transfer fluid is heated in the heat exchanger. 
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Rejected 

The reactor heat generation is caused by three effects: (1) the heat generated by hydrating the 
hydroxides, (2) the sensible heat from cooling the hydroxides, and (3) the latent heat of condensa­
tion of the steam used to hydrate the hydroxide. 

The maximum achievable temperature depends on the hydroxi�to-water ratio and the allowable 
vapor pressure of the hydroxide solution. If the reactor pressure is sufficiently low, the water of 
hydration can be supplied as steam, with the latent heat of vaporization extracted from the ambi­
ent or from process reject heat, giving a heat pumping effect. The resulting cold (below 100 C) 
hydroxide solution is transported back to a solar central receiver for dehydration @ to produce 
superheated steam0 . The resulting hot anhydrous salt is then recycled. 

Such a heat pump system has high energy densities (1.8-2.2 GJ/m3), since the system is liquid 
rather than gaseous; low �pi tal costs, since the reactors are simple heat exchangers and the liquid 
system requires small equipment; very high thermal efficiencies, in excess of 10096 when the heat 
pumping effect is included; and significantly higher delivery temperatures (ilp to 500 C)than mol­
ten salt temperatures because of the initial adiabatic hydration followed by heat removal in a 
counter-flow mode. 

5 CONCLUSIONS 
The storage technologies having the highest value-to-cost rati<JS are very high temperature molten 
salt, draw salt/air-rock, and metal/phase-change salt. 

The major emphasis in 1983 for research in the very high temperature molten salt technology will 
be to complete the floating platform stability tests, complete materials compatibility testing, and 
design the internal tank imulation. For molten nitrate salt, work will include direct-contact heat 
transfer measurements in a packed column and design of lower-pressure-drop packings. For the 
metaVphase-change-salt system, direct-contact heat transfer measurements will also be made. 

For the molten slag technology, research on appropriate solar central receivers is required to assess 
the economic potential of the overall system. Then, further work to reduce the storage cost may 
be appropriate. 

Continuing work on the phase-change salt/ ceramic pellet storage concept is presently planned, but 
not under sponsorship of the Solar Energy Research Institute. 
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