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Thermochemical materials, particularly salt hydrates, have significant potential for use in thermal energy
storage applications. When a salt hydrate is heated to a threshold temperature, a chemical reaction is ini-
tiated to dissociate it into its anhydrous form and water vapor. The anhydrous salt stores the sensible
energy that was supplied for dehydration, which can be later extracted by allowing cooler water or water
vapor to flow through the salt, transforming the stored energy into sensible heat. We model the heat
release that occurs during a thermochemical hydration reaction using relations for mass and energy con-
servation, and for chemical kinetics and stoichiometry. A set of physically significant dimensionless
parameters reduces the number of design variables. Through a robust sensitivity analysis, we identify
those parameters from this group that more significantly influence the performance of the heat release
process, namely a modified Damkohler number, the thermochemical heat capacity, and the heat flux
and flowrate. There is a strong nonlinear relationship between these parameters and the process effi-
ciency. The optimization of the efficiency with respect to the parameters provides guidance for designing
engineering solutions in terms of material selection and system properties.
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1. Introduction

Long-term energy storage and release can be facilitated by the
use of salt hydrates [1]. Upon heating, these materials release the
water coordinated to the solid crystal through a thermochemical
reaction. This results in an anhydrous form of the salt that also
chemically stores the energy supplied for the thermochemical
reaction. Anhydrous salts are typically hygroscopic and thus able
to absorb or adsorb atmospheric water vapor even at room temper-
atures [2]. The reverse mechanism of salt hydration releases the
stored energy. Although recrystallization and nucleation effects
during hydration raise important questions about their durable
cyclical use over time, thermochemical salt hydrates have several
advantages over phase change materials [3-5] and latent heat stor-
age devices [6,7] for long-term energy storage [8], transportation
and release [9,10]. For instance, salt hydrates exposed to solar en-
ergy during summer months will result in the corresponding dehy-
drated salts and water vapor. These products can be separately
stored until the winter when they can be recombined through salt
hydration to release the stored heat. This process, which can be
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used to warm buildings, has been demonstrated for centralized so-
lar seasonal energy storage [3,11-13].

We have previously described the fundamentals associated with
the energy storage in a salt hydrate [1]. Here, we provide a similar
analysis of the reverse heat release process from these salts. Since
the performance of the thermal storage and release can be signifi-
cantly improved by exploiting specific material behaviors, our anal-
ysis provides additional information by which to evaluate the
impact of various system parameters on the recovery of the thermo-
chemically stored energy. Unlike a typical parametric analysis based
on the classical sweep approach that requires several simulations,
we use uncertainty quantification tools [14-16] that provide a ro-
bust sensitivity analysis [17,18]. Thus, we are able to quantitatively
determine the role of the key thermodynamic process parameters
[1] that influence the performance of thermochemical storage-
release systems. Magnesium sulfate heptahydrate (MgSO,4 - 7H,0)
is chosen as the model salt due to its large volumetric energy storage
capability [19]. (The words ‘anhydrous’ and ‘dehydrated’ are used
interchangeably hereafter.)

2. Modeling the energy release process

Experiments designed to measure the thermochemical energy
release process comprise of an insulated container filled with the
dehydrated salt. Cooler water vapor in excess of that required for


http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.06.041
mailto:ikpuri@vt.edu
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.06.041
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

M. Ghommem et al./ International Journal of Heat and Mass Transfer 54 (2011) 4856-4863 4857

Nomenclature

A frequency factor in Arrhenius’ equation (s~1)

C specific heat capacity (J/kg K)

D, modified Damkohler number

E activation energy in Arrhenius’ equation (kJ/mol)

T

enthalpy of hydration (J/kg)

thermal conductivity (W/m K)
length of the simulation domain (m)
molar mass (gm/mol)

concentration (mol/m?)

energy released per unit volume (J/m?)
Universal gas constant (J/(K mol))
temperature (K)

unit normal vector

heat flux (W/m)

number of random variables

order of the polynomial chaos

rate of reaction (s~1)

time (s)
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Greek symbols

r simulation domain boundary
II process efficiency

o generic variable

mass fraction

rate of water vapor supplied to the anhydrous salt (s™!)
dimensionless heat capacity per unit volume

density (kg/m?)

dimensionless thermochemical heat capacity

number of moles

uncertain parameter

mean value

standard deviation

random variable
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complete hydration is passed over the salt. On coordination with
water, the anhydrous salt converts to the hydrated form, simulta-
neously releasing energy that warms the excess water vapor flow-
ing over the hydrated salt [12,13]. We, instead, employ an imposed
heat flux that is extracted continuously from our model system as
an analogy to the energy carried out by the warmer water vapor in
the experiments. While our model system is simple and con-
structed to understand the fundamentals of the process, the study
of a detailed geometric configuration to mimic the experiment is
one of our future goals.

Fig. 1 contains a schematic of the simulation configuration. We
consider a square Ly x L, two-dimensional box (Ly=L,=L=0.01 m)
that is filled with the dehydrated MgSO,. This anhydrous salt,
which has a higher internal energy than its hydrated counterpart
due to the thermochemical energy stored in it, is also at a higher
temperature than its surroundings that are at room temperature.

I,

Thermal energy is extracted from the system at a constant rate
qq from its right boundary. The enclosing walls on the top, left
and bottom, shown in Fig. 1, are insulated and considered
adiabatic.

The thermochemical process is initiated when the local temper-
ature decreases to the reaction temperature T, = 473 K. This thresh-
old triggers the interaction (hydration) of the anhydrous salt with
the cooler water vapor that is introduced into the system. Dehy-
drated salts are porous media. As an increasing fraction of the por-
ous volume is filled by the supplied water vapor, we assume that
the rate of vapor flow into the system decreases, since there is
now a greater resistance to the vapor inflow as well as relatively
less void spaces for the water molecules to diffuse into. Therefore,
we introduce water vapor into the system using a time dependent
function Ng = Ng;(arctan(yqt)/(7/2)) until all the vacant spaces in
the porous medium are filled. Here, Ng; denotes the concentration
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Fig. 1. Schematic of the heat release process.
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