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ABSTRACT 

The objective of the Thermochemical Energy Storage and Transport 
Program is to develop, verify, and demonstrate the technology necessary 
to store and transport energy by reversible chemical reactions. Current 
emphasis is on such fundamental problems as chemical kinetics and heat 
transfer characterization. 
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THERMOCHEMICAL ENERGY STORAGE AND TRANSPORT 

Introduction 

As part of the ERDA National Thermal Energy Storage Program':' 
Sandia Laboratories has planned and is implementing a Thermochemical 
Energy Storage and Transport Program. The main objective of this 
Program is to develop, verify, and demonstrate the technology necessary 
to store and transport energy by reversible chemical reactions. 

In general, the Program emphasis is currently on such fundamental 
problems as chemical kinetics and heat transfer characterization. Many 
fundamental questions must be addressed before the potential of thermo-
chemical techniques can be accurately assessed. This paper reviews the 
use of thermochemical reactions for energy storage and transport and 
discusses the general Program structure, content, and thrust. 

Thermal energy can be stored in three forms: (1) as sensible heat, 
(2) as latent heat of transitions, or (3) as chemical bond energy, i.e •• 
through the use of reversible thermochemical reactions. The characteristics 
unique to the thermochemical approach are: 

• High Energy Densities - Thermochemical storage systems have 
energy storage densities (based on mass or volume) ranging from 
about a factor of two to more than an order of magnitude greater 
than is possible with sensible and latent systems. 

• Ambient Storage - Energy storage at ambient temperatures is pos-
sible for thermochemical systems, i.e., chemical reactants and 
products can be cooled to and stored at ambient temperatures. The 
ability to store at ambient temperatures and still discharge at high 
temperatures has obvious advantages: chemical interactions between 
the media and storage container materials are avoided, insulation re-
quirements are eliminated, overall system heat losses are reduced, 

"'·"' ,:,Managed by Charles J. Swet, Chemical and Thermal Energy Storage Branch, 

Division of Energy Storage Systems, Office of Conservation, ERDA. 
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and potential environmental impact problems (i. e. , storing copious 
quantities of hot material) are avoided. However, there is a penalty 
associated with storage at ambient temperatures: sensible and 
possibly latent heats are rejected upon cooling the products to ambient. 
This reject heat may not necessarily be lost; it may be possible to 
use it elsewhere in the chemical cycle. 

•Long-Term Storage - With ambient storage. long-term storage with 
little or no degradation is possible, which makes seasonal or extended 
storage applications feasible. 

•Temperature Boosting - Pressure/volume work can be converted into 
thermal energy quite easily for certain thermochemical reactions. 
Therefore, it is possible, in theory, to discharge an energy storage 
system at temperatures greater than the charge temperature. 

• Transportability - Chemical reactions can be selected such that the 
products and reactants are easily transported. e.g., as gases in a 
pipeline. Therefore, the endothermic and exothermic reactors can be 
physically separated by long distances. 

•Low Energy-Capacity-Related Costs - The cost of an energy storage 
system can generally be divided into two categories: power costs and 
capacity costs. The power related costs are those associated with 
reactors, heat exchangers, etc. : capacity related costs are assoc-
iated with raw materials costs, storage tank costs, etc., and are 
generally low for thermochemical systems. 

The technical disciplines important to the development of energy 
storage systems are given in Figure 1. Also listed are probable 
problem areas in each of these technical disciplines which are gener-
ally unresolved at this time, and which must be solved if a storage 
concept is to be developed successfully. A brief discussion of the 
state-of-the-art of these technical disciplines serves to illustrate 
where the technical efforts in the Thermochemical Energy Storage 
and Transport Program will be directed. 

• Chemistry - The heart of a thermochemical energy storage system is 
the reversible chemical reaction itself. Without exception, no reaction 
is well enough researched and understood to allow its immediate in-
corporation into a storage system. Consequently, a considerable 
amount of research and development is required to characterize any 
potentially useful reaction with respect to such parameters as reaction 
rates, side reactions, reversibility, cyclability, long-term perform-
ance, reproducibility, reliability, and impurity effects. For cata-
lyzed reactions, additional questions concerning catalyst lifetime, 
degradation, and poisoning must be addressed. 



I CHEMISTRY I 
o REACTION IDENTIFICATION 
o REACTION RATES 
o REVERSIBILITY 
o SIDE REACTIONS 
o CATALYST LIFETIME 

I HEAT TRANSFER I 
o REACTOR/HEAT EXCHANGER DESIGN 
o CATALYTIC REACTOR DESIGN 
o VARIABLE CHEMICAL BED 

CHARACTERISTICS 
O INEFFICIENT GAS/SOLID HEAT 

TRANSFER 

I CHEMICAL ENGINEERING I 
o FORMULATE OPERATIONAL CYCLES 
o OPTIMIZE CYCLE EFFICIENCY 

I MATERIALS I 
o COMPATIBILITY 
o CORROSION 
o IMPURITY EFFECTS 
o INEXPENSIVE MATERIALS OF 

CONSTRUCTION 

Figure 1. Technical Disciplines Necessary to the Development 
of Energy Storage Systems 
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• Heat Transfer - The heat transfer technology pertinent to thermo-
chemical storage systems is largely undeveloped. Exothermic and 
endothermic reactors must be designed that allow for the complete 
control of reactions along with efficient heat removal or input. The 
heat transfer problems may or may not be formidable, depending 
upon the nature of the chemicals at the heat exchange surface. Heat 
exchange during liquid phase reactions can be accomplished efficiently. 
On the other hand, gas/ solid reactions cannot be handled as easily 
due to inherent low heat transfer rates, variable bed characteristics, 
and bed density changes that occur upon reaction cycling. Catalytic 
reactors coupled to a heat exchange function are also not well devel-
oped. 

• Materials - Material compatibility and corrosion problems can be 
significant depending upon the temperatures of the storage operation 
and the chemicals involved. Ambient storage mitigates the materials 
problems to the extent that the corrosive conditions may be confined 
to a fairly small portion of the total system. Unfortunately, the 
highest temperatures (and therefore the most corrosive environment) 
are generally found in the most complex and expensive components 
of the system: the reactor and heat exchanger. 

•Chemical Engineering - Almost all thermochemical reaction cycles 
for storage or transport applications contain steps which are poten-
tially wasteful of energy; the net result is a much reduced effective 
energy density. As an example, consider the reaction 

which has an attractively large heat of reaction of 380 cal/ cm. How-
ever, if one considers the fact that 142 cal/gm are lost due to the 
condensation of H2O and the sensible heats associated with H2O and 
CaO, the net energy density is only 238 cal/gm. The solution, of 
course, is to use the heat of condensation and sensible heats for 
secondary purposes; therein lies one of the technical challenges that 
must be met if the thermochemical system is to be used to its best 
advantage. Operational cycles must be optimized. The recovery 
and re-use of potential rejected energies are necessities for the 
development of economically viable thermochemical energy storage 
and transport systems. 

In summary, thermochemical technology is at a very early stage of 
development, and much is needed in the way of technology development in 
each of the four technical disciplines shown on Figure 2 before one can 
accurately assess the potential of thermochemical techniques, let alone 
develop thermochemical-based concepts to the point of commercialization. 
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Figure 2. Three Application Concepts 

Application Concepts for Thermochemical Reactions 

In discussing the technical contents of the Thermochemical Energy 
Storage and Transport Program, it is convenient to categorize activities 
in terms of three application concepts: (1) thermal energy storage, 
(2) chemical heat pipes, and (3) chemical heat pumps (as illustrated in 
Figure 2). 

Figure 3 illustrates the use of a hypothetical reaction AB A+B in 
a thermal energy storage concept. The essential elements of the system 
are storage vessels for the reactant and product chemicals, and endothermic 
and exothermic heat exchanger reactors. During the energy storage step, 
AB is transported to the endothermic reactor where heat is provided from 
an energy source to decompose AB into A and B. The products are then 
physically separated and placed in storage tanks. During energy discharge, 
A and B are recombined in the exothermic reactor, where heat is withdrawn 
for use. The product of the exothermic reaction is then placed in storage, 
ready for repeated operation. A number of variations from the schematic 
shown in Figure 3 are possible, in fact probable. The exothermic and 
endothermic reactors may be combined into one component, and one may 
wish to combine the storage and heat exchange units. In addition, the inlet 
and outlet streams to and from a reactor would typically be equipped with 
heat exchangers to improve system efficiency. 

13 



energy source 

reactor 

(reaction: AB ~A+ B) - -
A 

storage 

B 
storage 

AB 
storage 

energy user 

reactor 

Figure 3. Thermochemical Energy Storage Concept 

The basic features of a chemical heat pipe are illustrated in Figure 4, 
with the hypothetical reaction A+B-:. C+D used as an example. The com-
ponents comprising the system are essentially identical to those described 
in Figure 3, with the storage tanks replaced by pipelines through which the 
reactants and products are transmitted. 
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Figure 4. Closed-Loop Chemical Energy Pipeline 



The chemical requirements for a chemical heat pump storage system 

are summarized in Figure 5. Two reactions are required, as represented 

by AB-:. A+B and CB~ C+B. Further, these two reactions must have a 
common vapor species, B(g) in this case. The reactions are selected such 

that there is a significant difference in enthalpy of reaction, for it is this 

difference which accounts for the storage feature of a chemical heat pump. 

The two reactions must be selected such that their respective pressure/ 
temperature relationships are compatible with the intended use conditions. 

The components of a chemical heat pump system (high- and low-temperature 

reactor heat exchangers, and a connecting pipeline) are illustrated in Figure 

6a. Figure 6b shows the pressure/temperature relationships for both the 
high-temperature and low-temperature reactions. During charge, energy 

is absorbed by the high-temperature unit, and AB is decomposed into A and 

B(g); the latter is transported to the low-temperature unit where it reacts 

with C to form BC. Heat is released at the low-temperature unit where it 
is either used or rejected. The charge sequence is shown on Figure 6b 
by the solid arrow. During energy discharge, energy is absorbed by the 

low-temperature unit, BC decomposes, and gaseous B is transported over 

to the high-temperature unit. There it combines exothermically with A to 

form AB. The discharge process is shown on Figure 6b by the dashed arrow. 

The discharge sequence may be used for either heating or cooling. For 

heating, energy is absorbed from the environment in the low-temperature 

reactor, and heat is rejected from the high-temperature component to the 

indoors. For cooling, heat is withdrawn from indoor air at the low-temper-
ature reactor and rejected to the outdoor environment through the high-
temperature component. 

Requirement Example 

• coupled reactions AB ~A+ B(g) 

BC~ C + B(g) 

• common vapor transport species B(g) 

• different enthalpies of reaction ~H > ~H decamp. deco mp. 
AB BC 

• SU itable P-T curves for AB and BC 

Figure 5. Ingredients for a Chemical Heat Pump 
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r-----------, 
I B(g) transport I 
I I 
I I 
I I 

• 
I 
I 

heat in/out¢:> AB =A+ B(g) BC :-c + B(gl k ::=>heat out/in 

HIGH TEMPERATURE UNIT LOW TEMPERATURE UNIT 

BC~ C + B(g) 
AB~ A+ B(g) 

1/T 

Figure 6. Chemical Heat Pump System 

Program Contents 

Reactions Investigated 

Reactions currently under investigation in the Program are categorized 
according to reaction type in Figure 7. The thermal decomposition of in-
organic hydroxides. hydrated salts. ammoniated salts. methanolated salts. 
and ammonium hydrogen sulfate are being investigated. Sulfuric acid con-
centration and dilution are also being pursued, as well as several catalyzed 
reactions including the decomposition of sulfur trioxide, methanation/re-
formation. and coal gasification. These reactions are displayed on a 
temperature scale in Figure 8. To help orient the reader. various energy 
sources are also displayed, placed at temperatures typically attainable from 
them. As one can see, the reactions under development span temperatures 
ranging from slightly above ambient to approximately 11 OOK. It is also 
apparent from Figure 8 that the reactions under development are potentially 
applicable to a wide variety of uses. 
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THERMAL DECOMPOSITION 

(GAS/SOLIDI 

THERMAL DECOMPOSITION 

(LIQUID/GAS) 

CATALYZED 

(GAS/GAS) 

I REACTION I 
o Ca(OH)2 ;:: CaO + H20 

o MgCl2 • xNH 3 :=: MgCl 2 • yNH3 + (x-y)NH3 

o CaCl2 • xNH 3 ;:: CaCl2 • yNH3 + (x-y)NH3 

o MgCl2 • xH20:;:: MgCl2 • yH 20 + (x-y)H20 

o SALT•MeOH; SALT+MeOH 

o NH4HS04 :;:: NH3 + H20 + S03 

o H2so4 (dilute) :;:: H2so4 (conc.) + H20 

o 2S03 :;:: 2S02 + 02 

o CH4 + H20 :=: JH2 + CO 

oJc + H2o -- co+ H2 } 

lea+ JH2 -- cH4 + H2o 

Figure 7. Chemical Reactions Under Investigation 

I SOURCE I 

{ 
I REACTION I 

1400 

FOSS! L FUELS 
1300 

1200 

HIGH TEMPERATURE GAS 
COOLED NUCLEAR REACTOR 1100 

CONCENTRATED SOLAR so3 = S02 + .502 

1000 
CH4 + H20 =CO+ 3H2 

900 

GAS OR LIQUID METAL 800 
Ca(OH)2 = CaO + H20 COOLED BREEDER REACTOR 
NH4HS04 = NH3 + H20 + S03 

700 

WATER COOLED 600 NUCLEAR REACTOR c6H12 = C5H6 + 3H2 

500 

GEOTHERMAL STEAM H2S04(dilute) = H2S04iconc.) + H20 
400 MgCl2 · 4H20 = MgCl2 · 2H20 + 2H20 

FLAT-PLATE SOLAR SALT · MeOH =SALT+ MeOH 
COLLECTOR 

AMBIENT AIR ANO WATER 
300 CaCl 2 · BNH3 = CaCl2 • 4NH3 + 4NH3 

TEMPERATURE IK) 

Figure 8. Temperature Ranges of Reactions Under Investigation 
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Applications Investigated 

Numerous applications for the three technology concepts discussed 
(i.e., thermal energy storage, chemical heat pipe, and chemical heat pump) 
can be proposed; those applications we feel show the greatest potential are 
given in Table I. The specific applications being addressed in this Program 
are indicated by the double circle. The fact that an application is not being 
addressed in this Program does not imply that applicable and pertinent 
technologies are not being developed. Technologies developed for one 
specific application are generally applicable to numerous others. 

Concept 

TABLE I 

POTENTIAL APPLICATIONS 

Application 

Thermochemical @) Solar Thermal-Electric Power 
Storage @ Fossil Utilities - Improved Efficiency 

Chemical Heat 
Pipes 

Heat Pumps 

o Peak Following Utilities - Nuclear, Fossil 
o Industrial Waste Heat Recovery 

@ Industrial Process Heat - Nuclear, Fossil Energy 
Source 

o Total Energy Systems 

o Distributed Solar Systems 

o District Building Heating 

@ Building Heat/Cooling - Solar 

Energy storage is required to serve as a buffer between the energy 
source and power generation equipment; however, the real utility of thermo-
chemical techniques may be in the extension of solar energy systems to load-
following applications. The overall efficiency of conventional fossil utilities 
may be improved by the incorporation of energy storage systems. It may 
also be possible to extend non-solar energy sources, e.g., nuclear and 
fossil, to peak-following activities. Another application is the recovery 
and redistribution of waste reject heat. 

Chemical pipes may be used to provide industrial process heat and 
energy for district heating from central energy sources that may be fossil, 
nuclear or solar based. The ability to transport low-grade thermal energy 
has obvious applications in total energy systems. Chemical heat pipes may 
also be used to provide the link between the distributed collectors and the 
central storage system in a distributed solar energy system. 

18 



The only application we envision for the chemical heat pump is solar 
building heating and cooling. 

Illustrative Examples 

The Thermochemical Energy Storage and Transport Program is 
comprised of numerous activities subcontracted with the private sector 
by Sandia and ERDA. Time does not permit a detailed discussion of all 
activities; the reader is referred to the Program Annual Operating Plan1 

for additional information. However, a few brief remarks regarding 
several of the ongoing studies serve to illustrate the nature of current 
problems being addressed. 

Typical of the many projects comprising this program is Martin 
Marietta Corporation's project to develop an energy storage concept based 
on paired ammoniated salts. The concept is very similar to that illustrated 
in Figure 6 for the chemical heat pump. A high-temperature decomposition 
reaction is used for the storage and discharge of energy, and the decom-
position product, ammonia, is stored as a low-temperature ammoniated 
salt. Of prime concern for the past year have been the chemical kinetics of 
various ammoniated salt decomposition reactions. One can use thermo-
dynamics to point out potentially useful reactions for a given temperature 
range of operation, but in general, kinetic reversibility and cyclability 
are unknown, and can be characterized only by an experimental study. 

Figure 9 shows kinetic data for the decomposition/ recombination 
FeC12 • 6NH3• Two sets of data are given for different starting materials, 

anhydrous FeC12 and FeC12 • 4NH3• It is seen that the kinetics appear to 

be chemical source dependent. When using the tetrammoniate as the 
starting material, the chemical kinetics were slower than when starting 
with the anhydrous salt; in fact, it was not possible to initiate the recombi-
nation reaction at all until the reaction temperature was reduced to less 
than 40°F. 

Kinetic data for the decomposition/recombination of CaC12 • 8NH3 
are shown in Figure 10. As one can see, a significant amount of scatter is 
evident during the lower temperature recombination process, which suggests 
kinetic problems. 

1Fiscal Year 1977 Annual Operating Plan for the Thermochemical Energy 
Storage and Transport Program of the National Thermal Energy Storage 
Program, Sandia report SAND77-8226, June 1977. 
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To illustrate that not all salts are ill behaved, Figure 11 shows 
kinetic data for the decomposition of MgC12 • 2NH3; no kinetic hindrances 

are apparent. 
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In summary, it is acknowledged that the kinetics of thermal decom-
position reactions are largely unknown, and that they must be investigated 
experimentally. Further, one cannot extrapolate kinetic data from analogous 
reactions; each candidate reaction must be treated on an individual basis. 

The sulfuric acid project of Rocket Research Company is an example 
of an activity which has progressed past the basic chemical characterization 
stage, and emphasis is currently in the design and engineering of a viable 
(technically and economically) system. The concept is simply the distil-
lation of water from dilute sulfuric acid during energy charge, and the 
combination of water and concentrated sulfuric during discharge. To il-
lustrate the extent of technical understanding, the predicted and experi-
mental temperature rises observed in a recombination reactor are compared 
in Figure 12 for numerous experimental conditions. It is seen that temper-
ature rises can be predicted to within 10°C; further, the heat transfer 
processes involve all liquid phases and are well understood. The emphasis 
of the sulfuric acid project is currently on identifying the most promising 
applications for the reaction, and on the engineering design of efficient 
system components such as the distillation reactor. 
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Courtesy of Rocket Research Corporation 

THEORETICAL REACTION TEMPERATURE (°C) 

Figure 12. Deviation of Tc6 From Theoretical as a Function 
of Theoretical Reaction Temperature 

Summary 

2 POINTS 

Thermochemical techniques are potentially useful in numerous energy 
storage and transport applications; a Program has been planned and imple-
mented by Sandia Laboratories and the ERDA Chemical and Thermal Storage 
Branch to develop the pertinent technologies. In general, the Program 
emphasis is currently on fundamental problems such as chemical kinetics 
and heat transfer characterization. Many fundamental questions must be 
addressed before the potential of thermochemical techniques can be ac-
curately assessed. 
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