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Acronyms

CNT classical nucleation theory

DSC differential scanning calorimetry

MZ metastable zone
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∆G reaction Gibbs free energy per mole water J/mol

∆G0 reaction Gibbs free energy per mole water in standard conditions J/mol

∆rG
0 reaction Gibbs free energy in standard conditions J

Ga Gibbs free energy of the initial solid phase α J
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Chapter 1

Introduction

1.1 Energy transition

Currently we are in the midst of an energy transition, changing our energy production and
consumption systems. The energy transition is necessary, because of global problems such as
air pollution, climate change and the depletion of fossil fuels[1, 2]. Low carbon energy use is
promoted at the moment by means of solar thermal collectors, windmills, connection of houses
to district heating grids and electrical heating options, such as heat pumps. In the recent Paris
agreement, with the goal to mitigate global warming, 195 countries have committed to reduce
their CO2 emission. A reduction of 80–95% with respect to 1990 levels is aimed by 2050 by
Europe[2].

Each country has its own strategy in the energy transition, trying to guarantee its geopo-
litical status on the energy market. In the Netherlands, for example, 90% of the dwellings is
connected to the gas distribution network which originates in Groningen and spreads across
the country since 1959[3]. However, within the frame of the energy transition, and the tectonic
instability caused by gas extractions, Dutch tax changes have been promoting replacement of
natural gas by solar thermal collectors and electrical heating options, such as heat pumps[4].
The Netherlands will stop the gas extractions by 2030[5]. The opposite policy is followed by
the neighbouring country Germany, where natural gas will be needed to support renewables in
replacing coal in power and heat generation[6].

1.2 The need for heat storage

Heat accounts worldwide for more than half of all residential energy consumption[7]. In oceanic
climates, such as North-western Europe, circa 70%[8, 9] of the energy consumption in homes
provides space heating and domestic hot water. The exact energy consumption profile depends
on the region and thermal insulation quality of the house, but is typically as drawn in Fig. 1.1.

All-electric renewable energy for households would require large powers and expensive
grid reinforcements to anticipate peak demands in heat and electricity. This will cause disbal-
ance on the power grid and has drastic consequences on our existing infrastructure and built
environment[10, 11]. A second concern is the existence of periods without solar and wind energy.

1



2 Chapter 1 Introduction

Figure 1.1: A typical energy consumption by end uses in domestic environment in the Nether-
lands in 2009 (Source: Environmental accounts of the Netherlands 2009, CBS Statistics Nether-

lands)

Figure 1.2: Amount of GW produced by means of solar and wind energy during peak demands
in GW per day in Germany. January 2017. The Dunkelflaute period is between 15 and 25

January. (source: https://www.energy-charts.de/)

Typical dark and wind still periods in winter, called ’Dunkelflaute’ in the energy sector, can last
for 2 weeks in the worst case. Fig. 1.2 shows a typical example in January 2017 in Germany.

Energy storage in the form of heat can mitigate peak demands of heat without overloading
the electricity grid. It can be used in both a centralised and decentralised way and can accom-
modate the periods without production of renewable energy. In other words, heat storage is an
essential aid for most of the renewable, fluctuating energy sources within the existing energy
infrastructure.

Sustainable domestic heating requires a local heat battery, which can be charged/dis-
charged daily and can provide heat when there is temporarily no renewable energy at hand.
Typical domestic usage temperatures between 30 – 55 ◦C, should be readily available, also after
a long period of battery rest (i.e., weeks). The consumer should have decentral autonomy in
charging and discharging the heat battery, so there is no dependency on the central power grid.
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Figure 1.3: Schematic diagram of temperature against energy density for sensible, latent and
thermochemical heat storage. Sensible heat storage is based on increasing the temperature of
a high heat capacity storage material, and hereby storing the heat. Latent heat storage can
store a larger amount of heat in a much shorter temperature range, thanks to the phase change.
Thermochemical heat storage can store the largest amount of heat, in heatloss-free way by

means of chemisorption or physisorption of a sorbent gas.

Table 1.1: Overview of three principles of heat storage with typical energy densities, storage
times and price indications. * depending on storage time and temperature range ∆T **based

on the price of water.

Principle Typical Effective Typical Technology
energy storage time price of readiness
density material level
(GJ/m3) (e/ MJ) (1-9)

Sensible 0-0.25*[12] day (compact) 0.004** 9
months (large scale)

Latent 0.1-0.43*[12] days (compact) 0.14-100 9
Thermochemical 0.22-2.79[12, 13] days-year (compact) 0.14-60[13] 6

1.3 Heat storage: state of the art

Heat storage at domestic temperatures (30 – 55 ◦C) is possible in three ways, shown schemat-
ically in Fig. 1.3. The three principles are listed in Table 1.1, including their typical energy
densities, storage times and price indications.

Traditionally, solar boilers filled with water are used to store solar heat. The storage period
is typically in the order of a day, due to heat losses. The principle is called sensible heat storage
and is based on increasing the temperature of a high heat capacity storage material, typically
water. In other words, the heat capacity (Cp) of water is used to store the heat. The storage
density on material level is typically < 0.25 GJ/m3, usually at an initial temperature of 95 ◦C.

Sensible heat storage for longer periods, i.e. weeks, would require large volumes of water
(typically tens of cubic meters), which is often too large to be placed inside a building. The
Dutch Ecovat and the European solar district heating project (Fig. 1.4) are European examples
of large volume sensible heat storage, capable of long term (seasonal) heat storage. More projects
have been started around the world using this technique[14]. By storing heat in times of surplus
and using it when there is a shortage, balance on the power grid is ensured. The energy surplus
is stored on district level.
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Figure 1.4: Left: Water tank (Ecovat) of 2900 m3 for thermal energy storage for small
district heating. The diver checks the installation. Uden, Netherlands (2016) (Source: Brabants
Dagblad, 15-09-2016). Right: Large scale solar thermal plant for seasonal sensible heat storage,
currently integrated into district heating grids in Germany (2019) (Source: https://www.solar-

district-heating.eu).

A second way of storing heat is latent heat storage, which is based on the latent heat
during a phase transition (typically crystallisation and melting):

M(l)
−Heat−−−−⇀↽−−−−
+Heat

M(s). (1.1)

In other words, the enthalpy of melting (∆mH) is mainly used to store the heat. A phase change
material (PCM) can store a larger amount of heat compared to sensible heat storage, typically
0.1-0.43 GJ/m3[12, 15], in a narrow temperature range, thanks to the phase transition. As with
sensible heat, temperature dependent heat losses play a role.

PCMs are readily in use as short-term heat batteries, i.e. with a storage time up to days.
An example is the PCM boiler by Flamco, visible in Fig. 1.5[16]. The PCM boiler does not
use water as a storage medium, but an inorganic salt. This salt is heated to 70 ◦C via an
electric coil. At that temperature the salt is completely liquid. In the case of a domestic hot
water demand, the salt cools down again and gives off the crystallisation heat to water-filled
exchangers, which supply tap water. The PCM boiler can deliver 12.5 litres of hot water per
minute. This is comparable to a traditional CW5 (high power output)[17] boiler device. In the
recent LOCOSTO project (2017) PCMs have been explored in the frame of industrial waste
heat storage (with typical temperature ranges between 100 – 250 ◦C). The researchers note
that additional system and material development is needed, to tackle issues like low thermal
conductivity, cyclic stability and subcooling[18].

The compact PCM concept is not feasible for long term storage, i.e. in terms of weeks, due
to heat leakage. Heat losses will occur in the course of days. The main challenge for a larger
volume PCM heat battery for long-term storage (weeks) will be insulation.

A different, but more typical use of PCMs is in the exterior wall or ceiling of buildings
to improve thermal comfort and reduce temperature fluctuation in buildings. The excess heat
entering the building is used to melt the PCM. The PCM solidifies and releases heat when the
temperature decreases below the melting point. This is a passive-use, sustainable alternative
for heating and air conditioning systems which consume energy[19, 20].

A third storage principle is on the basis of a thermochemical reaction:

MX · aL(s) + (b−a)L(g)
−Heat−−−−⇀↽−−−−
+Heat

MX · bL(s), (1.2)
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Figure 1.5: The compact PCM thermal battery by Flamco[16].

where MX is the thermochemical material (TCM) and L the gas absorbing onto the TCM. The
reaction enthalpy ∆rH is stored in the TCM, by heating the material which removes the gas
(charge). At a later time, the energy can be harvested through the exothermic absorption of
the gas (discharge). In this way, the energy is stored virtually loss-free in the absence of the
absorbing gas. This is a unique property of thermochemical heat storage.

In the current literature, the gas L is considered to be H2O (water), NH3 (ammonia) or
low molecular weight alcohols like CH3OH (methanol) and C2H5OH (ethanol)[21–24]. MX is
typically a salt. However, zeolites or metal-organic framework compounds (MOFs) are present
to some extent in the literature as well[25, 26]. The stoichiometric amount of absorbing gas L
inside the salt complex MX is called the loading of the salt.

Research on thermochemical heat storage remained at an early stage for a long time, after
the first notion of the concept by Goldstein in the 1960s[27]. Multidisciplinary studies have
revived recently, in view of the urgent need to find innovative solutions for compact heat storage.
The focus is on practical aspects like the charging/discharging temperature and volumetric
storage density of thermochemical material.[12, 13, 28–30]

The storage density of a TCM depends on the particular material and the particular
reaction. It is typically between 0.17–2.79 GJ/m3[12, 13]. The unique combination of high
energy density and virtually loss-free storage makes TCMs suitable for potential use in a compact
long-term heat battery.

Lastly, an essential difference between latent heat storage and thermochemical heat storage
should be noted. That is, the phase transition in latent heat storage depends on temperature
only, whereas the phase transition of a TCM has an extra control parameter: the partial pressure
of the gas, illustrated schematically in the phase diagram in Fig. 1.6. The phase line in Fig.
1.6a is the boundary between the hydrated (discharged) and dehydrated (charged) forms of a
TCM: clearly dependent on the partial vapour pressure of the absorbing gas (H2O in this case).
The phase line in Fig. 1.6b is the boundary between the liquid and solid phases of a PCM,



6 Chapter 1 Introduction

20 30 40 50 60 70 80 90
1

10

100

Hydrated

p 
H
2O

 (m
ba
r)

T (°C)

Dehydrated

 TCM (phase line of K2CO3
.1.5H2O)

(a)

20 30 40 50 60 70 80 90
1

10

100

Solid

p 
H
2O

 (m
ba
r)

T (°C)

Liquid

 PCM (phase line of Rubitherm RT 60)

(b)

Figure 1.6: Schematic phase diagrams of (a) a TCM (K2CO3)[31] and (b): a PCM (Rubitherm
RT60)[32]. The PCM has a phase transition at 60 ◦C, regardless of external vapour pressure.
The TCM has a phase change at 60 ◦C, only when the external vapour pressure is 12 mbar.

melting at 60 ◦C, irrespective of pressure. The temperature application of thermochemical heat
storage is thus tunable by changing the partial pressure of the gas L.

1.4 Towards a compact heat battery

The current challenge in decentralised, local heat storage is to develop an economically afford-
able, compact heat battery on single house level, which can be charged/discharged daily and
can provide heat when there is temporarily no renewable energy at hand. Basic questions have
to be answered before such a heat battery can be put into practice. How to make the battery
compact and stable? How to guarantee power output of the battery? How to maintain this
power over cycles?

A promising solution for a compact heat battery is by means of thermochemical heat storage
based on salt hydrates. A great body of research is available on salt hydrates for storage below
100 ◦C, such as MgSO4[33–36], MgCl2[37–39], SrBr2[40, 41], Na2S[42, 43] and CaCl2[39, 44, 45].
However, it is unclear which material to choose for further development and how to keep this
material stable during a typical service life of 20 years.

Studies on power output and temperature lifts of salt hydrates have been presented in
recent heat battery projects like MERITS (2007-2013) and E-HUB (2010-2014), where Na2S and
MgCl2, respectively, were used[30, 46]. However, the exact process of water uptake (hydration)
and how it translates to power output is not known. Salt hydrates have been studied extensively
for dehydration[47, 48]. Hydration studies, on the other hand require a well-defined relative
humidity (RH) and temperature, which can be an experimental challenge. Therefore, hydration
studies of thermochemical salts as a function of RH are relatively scarce[49–52].

The cyclic stability of a thermochemical heat battery is related to the material properties
of the salt. Although the hydration process of salts is not fully understood, it is well-recognised
by large volume expansions. This causes stresses in the material and leads to cracking and
pulverisation, effecting the vapour transport properties. What is more, the hygroscopic salt
can, under certain conditions, attract water in larger amounts and dissolve. This phenomenon,
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called deliquescence will lead to clogging and can block the vapour transport in the material.
Last but not least, chemical degradation of the TCM (e.g. due to heat) is a potential danger
to the battery’s aimed service life of 20 years.

1.5 Aim and thesis outline

Developing a compact thermochemical heat battery on the basis of salt hydration requires a
profound understanding of the salt hydrate and its interaction with the absorbing vapour.

The aim of this thesis is to translate the fundamental properties of the salt hydrate into
the development of a compact and stable thermochemical material. To this end, we focus on
the process of hydration and address the basic questions on material choice, power output and
stability, comprising the following steps:

1. Selection of a salt hydrate (chapter 4),

2. Analysis of the hydration mechanism (chapters 5 and 6)

3. Analysis of the stability and trials for material stabilisation (chapters 7 and 8)

The thesis starts with an outline of various types of water - salt interplay and the thermo-
dynamic description of water (chapter 2). In this framework, the reader is introduced to phase
diagrams and their link to water activity. Chapter 3 deals with the key experimental tools used
to measure the water content of salts as a function of temperature and partial water vapour
pressure.

In chapter 4, the stepwise procedure to select a salt hydrate for heat battery application
is presented. A critical review of salt hydrates is performed, with the goal to find the best
TCM for the seasonal application of a domestic heat battery, ensuring space heating and hot
tap water. Present thermochemical reactor concepts and practical considerations to select the
optimal salt hydrate are explained, concluding with a top-25, selected among 563 salt hydration
reactions. In chapter 5, the phase diagram and hydration kinetics of salts is studied in order to
understand the fundamental principles behind practical aspects like power output and discharge
temperature. In chapter 6, the possible rate-limiting process during hydration is proposed and
evaluated based on kinetic analysis of hydration rates. Chapter 7 is an experimental study of
the chemical stability of selected salts within the frame of thermochemical heat storage. In
the final study, described in Chapter 8, we explore TCM-composites with the goal to improve
mechanical stability. Three manufacturing routes which have potential for industrial scale-up,
and their resulting composites are discussed and suggestions are given to optimise.

The final chapter 9 summarises the main conclusions of this work and discusses their
importance for future research and application.





Chapter 2

Theoretical background

2.1 Interplay between water and salt

Special characteristics such as hydrogen bonding and ion-dipole interactions enable the water
molecule to interact with the salt crystal in various ways. Thanks to its size (∼29 Å3) the
water molecule is a good penetrant and space filler. The water molecule has the ability to
coordinate with ions and it can form extensive hydrogen bond networks as a hydrogen bond
donor and acceptor. Fig. 2.1 is a schematic illustration of the hydrogen bonding and ion-dipole
interactions of water. In essence, the oxygen atom coordinates with positively charged species
and the hydrogen atom coordinates with negatively charged species.

There are a few major types of interplay between water and salt[54]: adsorption onto the
surface of the salt crystal; capillary condensation; deliquescence and hydration, summarised in
Fig. 2.2.

Adsorption refers to the binding of the water particle on a solid surface (Fig. 2.2a). The
sorption energy is typically related to the weak Van der Waals forces (0.4-4 kJ/mol), hydrogen

Figure 2.1: Schematic illustration of possible inter-molecular interactions of the water
molecule. (a): Hydrogen bonding interaction between water molecules. The bond gets stronger
when the H-O-H atoms are arranged in such a way that their bond angles are close to 180 ◦[53].
(b): Ion-dipole interaction between a cation (Na+) and the (negative charged) oxygen atom of
water (c): Ion-dipole interaction between an anion (Cl– ) and the (positively charged) hydrogen

atoms water.

9
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bonding and ion-dipole interactions (up to 25 kJ/mol)[55]. The term physi-sorption is used
to describe the molecular process. Adsorption layers are usually thin water films of which the
thickness depends on the relative humidity (RH).

When a larger quantity of water interacts on a surface, condensation can occur. Normal
(bulk) condensation is the phase transition from gaseous phase to liquid phase at the saturation
vapour pressure p∗. Capillary condensation (Fig. 2.2b) is the process by which multilayer
adsorption from the vapour phase into a confined space proceeds to the point at which the
confined space becomes filled with condensed liquid water. Thus, capillary condensation is
only possible if water acts as a wetting fluid on the surface. It should be noted that capillary
condensation occurs at pressures below p∗[56, 57] due to an increased number of hydrogen
bonding interactions between vapour phase molecules inside the confined space of a capillary.

When a water film forms on a salt surface by adsorption or condensation, the water film
is able to dissolve the salt: a phenomenon known as deliquescence (Fig. 2.2c). As a result,
an aqueous solution forms[58]. Like in the case of capillary condensation, deliquescence occurs
below the saturation vapour pressure p∗ of pure water. In this case, the condensation below p∗

is a result of the favourable ion-dipole interactions and the mixing entropy of salt and liquid
water.

Internalisation of water is generally called absorption. Salts absorb water only by formation
of a new lattice, in this case one speaks of hydration (Fig. 2.2d). The water molecule binds to
the ionic structure, generally stronger than the typical hydrogen bonding. A relatively strong
bond up to 80 kJ/mol water is formed after hydration.

2.2 Phase diagrams for hydration

Hydration and deliquescence are phase transitions observed for many salts. The hydration
transition changes the hydration state of the salt, i.e. the stoichiometric amount of water per
salt unit. In the case of deliquescence, there is total dissolution of the salt, i.e., liquid phase
formation. The phase diagram of a salt hydrate tells which phase is stable at given temperature
and is typically plotted using the temperature T and partial water vapour pressure p as x- and
y axes respectively. Hereafter, unless otherwise stated, p stands for the partial water vapour
pressure.

In this section, the equilibrium pressure-temperature dependency of a hydration transition
is derived by defining the change in Gibbs free energy for the hydration reaction:

MX · aH2O (s) + (b−a)H2O(g) −−⇀↽−− MX ·bH2O (s), (I)

with MX · aH2O representing the lower hydrated phase, shortly referred to as α and MX · bH2O
the higher hydrated phase, referred to as β. Phase α converts to β by internalisation of a
stoichiometric amount of water (b− a)H2O.

The change in Gibbs free energy of the reaction ∆rG [J] is the difference between the Gibbs
free energy of the final state Gf and initial state Gi
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∆rG ≡ Gf −Gi = Gb +Nbµ− (Ga +Naµ), (2.1)

where Gb [J] is the Gibbs free energy of the final solid phase β; Nb [mol] is the final number of
water molecules in the gas phase; Ga [J] is the Gibbs free energy of the initial solid phase α and
Na [mol] is the initial number of water molecules in the gas phase and µ [J/mol] is the chemical
potential of the gas phase water. Note that Naµ and Nbµ are the Gibbs free energy of the initial
and final gas phase of water, respectively. Other gases are not taken into account, because they
have no role in the reaction and ideal gas behaviour is assumed. Further it is assumed that the
volume of the gas phase is large, ensuring that µ does not change during the reaction.

Since the reaction has the following stoichiometry with respect to the number of salt units
N :

Nb −Na = −N(b− a) (2.2)

the change in Gibbs free energy for the reaction is

∆rG = Gb −Ga −N(b− a)µ. (2.3)

The chemical potential of an ideal gas of water with a vapour pressure p [Pa] can be
expressed as

µ = µ0 +RT ln
p

p0
, (2.4)

where µ0 [J/mol] is the chemical potential of pure water in standard conditions, p0 is the pressure
of pure water in standard conditions, R [8.314 J mol−1 K−1] is the gas constant, and T [K] is
the absolute temperature.

Combining Equations 2.3 and 2.4 the reaction Gibbs free energy per mole water ∆G [J/mol]
can be described in terms of the vapour pressure:

∆G = ∆G0 −RT ln p/p0. (2.5)

where we defined the reaction Gibbs free energy per mole water ∆G ≡ ∆rG/(N(b−a)), and the
reaction Gibbs free energy per mole water at the reference pressure p0, ∆G0 ≡ (Gb−Ga)/(N(b−
a))− µ0.

The water vapour pressure at which the gaseous phase and the condensed phase are in
equilibrium, peq [Pa], can now be found from Equation (2.5)

peq = p0 exp
(
−∆S0/R

)
exp

(
∆H0/RT

)
. (2.6)

Here we made use of the definition ∆G0 ≡ ∆H0 − T∆S0 and the fact that ∆G = 0 in
equilibrium at fixed p and T .

The relation between peq and T defines the phase transition line. If p>peq, the β phase is
thermodynamically more stable than the α phase. At p<peq the opposite holds.
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For phase transitions such as hydration, deliquescence and condensation, the equilibrium
pressures and temperatures can be fitted according to Equation (2.6). Pressure-temperature fits
of magnesium chloride hexahydrate (MgCl2 · 6 H2O)[59, 60] and water[61] are shown in Fig. 2.3,
where the slope and the y-intercept represent ∆H0 [J/mol water] and ∆S0 [J /K mol water]
respectively. The typical p,T phase diagram is shown as well (Fig. 2.3b).

Although the change in reaction entropy and enthalpy per mole water is in the same order
for the three transitions, their equilibrium temperature Teq at fixed water vapour pressure differs
significantly:

Teq =
∆H0

∆S0 +R ln(p/p0)
. (2.7)

As an example, Teq at p=12 mbar is 10 ◦C, 27 ◦C and 57 ◦C for the condensation of water,
the deliquescence of MgCl2 · 6 H2O and the hydration of MgCl2 · 4 H2O to MgCl2 · 6 H2O. As a
consequence, MgCl2 · 4 H2O is able to heat up to 57 ◦C when it is exposed to water vapour, in
equilibrium with a water source of 10 ◦C .

Finally, it is noted that deliquescence of the α-phase, besides hydration, is also possible
(phase line not shown). The deliquescence phase line of α describes the equilibrium of MgCl2-
solution with MgCl2 · 4 H2O and is located in the area where the β-phase (MgCl2 · 6 H2O) is
stable. In other words, the α-phase can not coexist with a solution of the α-phase, since
conversion to the thermodynamically stable β phase will occur. Only at the so-called peritectic
point (shown in Fig. 2.3b), there is coexistence of α and liquid, together with β. This is a triple
point, where the hydration transition of phase α meets the deliquescence transition of phase
α. The literature often refers to this peritectic point as the melting point of the hexahydrate,
because liquid formation is observed when the hexahydrate is heated in a closed system above
this temperature.
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Figure 2.3: (a): Van ’t Hoff fits of the equilibrium pressure and temperatures of condensation
of water vapour (solid circles)[61], deliquescense of magnesium chloride hexahydrate (β-phase)
(open polygons)[59] and hydration of magnesium chloride tetrahydrate (α-phase) (squares)[60].
p0 = 1 bar. (b): Typical appearance of the corresponding p,T-phase diagram. It should be
noted that the phase diagram of MgCl2 is not compete. Other hydration transitions (0–1),

(1–2) and (2–4) are not displayed.
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2.3 The driving force for hydration

The hydration reaction will proceed spontaneously if there is a driving force for water to incor-
porate in the salt, dictated by the chemical potential difference between water in the vapour
phase and bound water in the salt. The driving force for a water molecule to go from the gas
phase with chemical potential µ into a salt in equilibrium with water vapour with chemical
potential µeq is

∆µ = µ− µeq (2.8)

The chemical potential of water in a given substance is defined as

µ = µ0 +RT ln a (2.9)

wherein the water activity a [-] characterises the thermodynamic state of water. When the
water is in equilibrium with water vapour with pressure p [Pa], at low vapour pressures it holds
that:

a =
p

p∗
, (2.10)

Here, p∗ [Pa] is the saturation vapour pressure of pure water.

The driving force for a water molecule to go from the gas phase with water vapour pressure
p into a salt in equilibrium with water with pressure peq, is then the difference in chemical
potential

∆µ = RT ln
p

peq
. (2.11)

It should be noted that the relative humidity (RH) at a certain temperature is defined as
the ratio of the actual partial pressure of water vapour p and the partial pressure of vapour in
equilibrium with pure water p∗, expressed as a percentage:

RH =
p

p∗
· 100% (2.12)

2.4 Classical Nucleation Theory

The hydration reaction does not always start instantaneously at water vapour pressures p>peq.
Even when the thermodynamic conditions of the stable phase are met, nucleation of the new
phase can form a barrier for the hydration transition. In this case, the old phase is said to
be metastable and a metastable zone is observed in the phase diagram. In this section, we
summarise the classical nucleation theory (CNT) application to salt hydration[62].

Although it is impossible to truly detect the moment of nucleation and the actual nucleation
rate, the inverse of the observable induction period is often taken as a measure of the latter.[63]
The induction period τ [s] is defined as the period of time which elapses between the achievement
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of supersaturation and the start of rapid desupersaturation[64] and is given by:

τ ≡ c

Jnuc
(2.13)

where Jnuc [s−1] is the actual nucleation rate and c [-] is a proportionality constant. The
induction period has a stochastic nature[65] and its typical value may be considered as a sum
of several parts:

τ = tr + tn + tg + tlp, (2.14)

with tr [s] a ’relaxation time’ to reach a quasi steady-state distribution of molecular clusters; tn
[s] a time required to form a stable nucleus (i.e., a cluster of critical size) and tg [s] a time for
the nucleus to grow to a detectable size. Often a latent period tlp [s] follows tg [s], during which
no noticeable change in size is observed, until an accelerated growth period starts, dominated
by crystal growth only.[64]

The generic expression for the nucleation rate Jnuc is[66]:

Jnuc = NsjZ exp
(−∆G∗

kBT

)
(2.15)

where

Ns: number of nucleation sites [-]

j: rate at which molecules attach to the cluster causing it to grow [s−1]

Z: Zeldovich factor [-]

∆G∗: Formation Gibbs free energy of a critical cluster [J]

kB: Boltzmann constant [1.38·10−23J/K]

T : absolute temperature [K]

Fig. 2.4 shows the formation Gibbs free energy of a nucleus ∆Gnuc as a function of the
cluster size. The negative (favourable) bulk contribution ∆Gbulk and positive (disfavourable)
surface contribution ∆Gsurface lead to a maximum ∆G∗ at the critical cluster size N∗. The
Zeldovich factor, Z characterises the flatness of the free energy profile around the critical size.
It is a function of the second derivative of the cluster formation free energy at the critical size
N∗. For a spherical precipitate, Z is:

Z =

√
− 1

2πkBT

(∂2∆Gnuc
∂N2

)
N∗

(2.16)

The Zeldovich factor Z is not further elaborated in this work. For derivation of the Zeldovich
factor for a three dimensional hydrate nucleus, the reader is referred to [67].

For analysis of the induction time, the theory of homogeneous nucleation as developed by
Volmer and Weber[68] has been adapted to the generic case of hydration (reaction I), where
the energy barrier ∆G∗ to form a critical cluster (nucleus) and the nucleus radius r∗ [m] are
evaluated.
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Figure 2.4: Schematic diagram of the formation Gibbs free energy of a nucleus ∆Gnuc as a
function of the cluster size N .

We will obtain:

∆G∗ = ∆G(r∗) (2.17)

by finding the maximum of the Gibbs free energy as a function of the cluster radius r [m]:(
∂∆Gnuc(r)

∂r

)
T

= 0. (2.18)

The Gibbs free energy of formation of a cluster is given by the sum of a bulk term and a
surface term:

∆Gnuc = ∆Gbulk + ∆Gsurface (2.19)

∆Gnuc = ∆rG+ γA (2.20)

where ∆rG is given in Equation 2.3 and γ [J/m2] and A [m2] are the surface tension and the
surface area of the cluster respectively.

When macroscopically sized phases α and β are in equilibrium, the change in bulk Gibbs
free energy should be zero. Therefore, the Gibbs free energy contributions of the solid can be
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expressed in the equilibrium potential µeq [J]:

Gb −Ga = N(b− a)µeq. (2.21)

That is, in equilibrium, the change in Gibbs free energy of the solid phase is compensated by
the change in Gibbs free energy of the gas phase. This is the condition at the equilibrium
(de)hydration temperature.

The driving force ∆Gnuc for nucleus formation is therefore

∆Gnuc = −N(b− a)∆µ+ γA, (2.22)

with ∆µ [J/mol] defined in Equation (2.11).

The number of salt units N in the cluster can be expressed as follows:

N =
V

v
(2.23)

where V [m3] is the volume of the hydrated cluster and v is the volume of 1 hydrated salt unit
MX ·bH2O.

The expression for ∆Gnuc is thus:

∆Gnuc = −V
v

(b− a)∆µ+ γA (2.24)

The critical cluster size r∗ is obtained by application of Equation (2.18) using the volume
V and surface area A of a 2D-disc, 3D-sphere and 3D-hemisphere in terms of the radius r:

V2D(disc) = πr2h ; A2D = 2πrh (2.25)

V3D(sphere) =
4

3
πr3 ; A3D = 4πr2 (2.26)

V3D(hemi−sphere) =
2

3
πr3 ; A3D = 2πr2, (2.27)

which yields:

r∗2D(disc) =
vγ

(b− a)∆µ
(2.28)

r∗3D(sphere) = r∗3D(hemi−sphere) =
2vγ

(b− a)∆µ
(2.29)

It should be noted that r∗ for a 3D nucleus does not depend on the shape.

The corresponding energy barriers ∆G∗ are found by substituting Equations (5.2) and
(5.3) in Equation (2.24):

∆G∗2D =
hπvγ2

(b− a)∆µ
(2.30)

∆G∗3D =
ηπv2γ3

(b− a)2(∆µ)2
(2.31)
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with η = 16/3 in case of a sphere and 8/3 in case of half a sphere (hemisphere).

The following expressions for the nucleation rate are obtained when the full expression of
∆G∗ is substituted in the generic nucleation rate, Equation (2.15):

J2D = κ exp
( −hπvγ2

(kBT )2(b− a) ln p/peq

)
(2.32)

J3D = κ exp
( −ηπv2γ3

(kBT )3(b− a)2(ln p/peq)2

)
(2.33)

with the pre-exponential factor κ [s−1]

κ = NsjZ. (2.34)

2.5 Phase diagrams for side reactions

What happens if other gaseous species are present in the atmosphere, next to water? In that
case, the foreign gas might be absorbed instead of water. That is, the α phase can convert into
a solid phase other than β. Since the formation of β is desired only for heat storage purposes,
any other transition is called a side reaction. Side reactions will take place if the reaction Gibbs
free energy of the side reaction is lower than the hydration Gibbs free energy at a given pressure
and temperature. That is, the undesired solid phase is thermodynamically more stable than β.
Gases can be absorbed from the atmosphere (e.g. CO2) or emitted (e.g. HCl) in order to form
the most stable phase.

The phase line of the side reaction, can be constructed using the definition of the equilib-
rium constant:

−RT lnK = ∆G0 = ∆H0 − T∆S0. (2.35)

where ∆G0 [J/mol] is the reaction Gibbs free energy per mole water, ∆H0 [J/mol] is the
reaction enthalpy per mole water and ∆S0 [J/mol K] is the reaction entropy per mole water,
under standard conditions.

An example side reaction is the following, involving absorbing gas H2O and foreign gas G
during the degradation of salt hydrate MX · aH2O to thermochemically inactive product MY:

MX · aH2O(s) −−⇀↽−− MY(s) + aH2O(g) + cG(g). (2.36)

Phase lines are constructed by solving the corresponding thermodynamic equation for phase
equilibrium in terms of the partial water vapour pressure p[69, 70]:

− ln [(p/p0)a · (pG/p0)c] =
∆G0

RT
=

∆H0

R
· 1

T
− ∆S0

R
, (2.37)
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where pG [Pa] is a fixed value and represents the partial pressure of the foreign gas. ∆H0 and
∆S0 are the enthalpy and entropy of the side reaction in standard conditions per mole water,
in other words, coefficient a=1.

The standard enthalpy and entropy of reaction per mole water are calculated from tabu-
lated values for formation energies[31]:

∆H0 =
( ∑
products

∆fH
0
i −

∑
reactants

∆fH
0
i

)
/a

∆S0 =
( ∑
products

S0
i −

∑
reactants

S0
i

)
/a

In this way, the phase diagram of the side reaction can be plotted as a function of water
vapour pressure p and temperature T , at a fixed value of pG. As an example, Fig. 2.5 shows a
calculated phase diagram of MgCl2 in the following reactions, with HCl as foreign gas G:

MgCl2 · 2 H2O(s) −−⇀↽−− MgClOH(s) + H2O(g) + HCl(g) (2.38)

MgCl2 · 2 H2O(s) + 2 H2O(g) −−⇀↽−− MgCl2 · 4 H2O(s) (2.39)

MgCl2 · 4 H2O(s) + 2 H2O(g) −−⇀↽−− MgCl2 · 6 H2O(s) (2.40)

The phase lines for hydration in Fig. 2.5 are calculated on the basis of formation energies as
well and are in satisfactory agreement with measured pressures, reported in the literature[60, 71].
The dotted line denotes the degradation of MgCl2 · 2 H2O at a typical pressure of pHCl =0.1
mbar. Superimposing phase lines of hydration and degradation allows to mark the pressure-
temperature area in which the side product MgClOH is thermodynamically stable; hatched in
Fig. 2.5. In other words, reaction 2.38 is expected in the hatched area. Analogously, reaction
2.39 is expected in the grey area and reaction 2.40 is expected in the light grey area.
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  MgCl2.2H2O(s) = MgClOH +  H 2O(g) + HCl(g)
           p HCl = 0.1 mbar

MgClOH

MgCl2
.6H2O

98

Figure 2.5: Phase diagram of MgCl2 showing calculated phase boundaries of hydration and
chemical degradation (in legend) based on energies of formation[31]. Chemical degradation is
expected in the hatched area at pHCl =0.1 mbar. The vertical dotted line at 98 ◦C denotes the
minimum temperature at which HCl formation starts at a water vapour pressure of 12 mbar,
a typical value for thermochemical heat storage conditions. Crosses represent experimental
pressures and temperatures as reported in literature[60]. Area of the dihydrate phase is featured

light grey, higher hydrate phases are shown as darker grey.





Chapter 3

Experimental methods and tools

The methods and tools described in this chapter serve primarily to measure the water content of
salts as a function of temperature and partial water vapour pressure. The home-built humidity
generator (Section 3.1) is integrated in thermal analysis equipment (Sections 3.2 and 3.3) to
measure the water uptake and release by salts at well-defined vapour pressure. The p,T-meter
(Section 3.4) makes it possible to measure the equilibrium phase diagram of salt hydrates as a
function of temperature and vapour pressure directly.

3.1 Humidifier

Firstly, the working principle of the humidifier is explained, because it is an essential part of
the thermal analysis equipment. The principle is based on mixing completely dried (RH=0%)
and completely humidified (RH=100%) carrier gas, QDry and QWet respectively, to obtain a
resulting gas flow with specific vapour density. The carrier gas (air or N2) flows through the
measuring cell of the thermal analysis equipment. Fig. 3.1 shows a schematic picture of the
humidifier concept. The dry gas and wet gas flows are controlled by independent flow controllers
(range 0-1L/min) of type Bronkhorst Model FG-201CV-ABD-33-V-AA-A1V with an accuracy
of 3.5 mL/min. The gas is initially dried using a column and is led through PFA tubing, which
is water impermeable. In the water bath, the gas is led through water permeable nafion tubing,
which enables saturation of the gas with water (RH = 100%) at given bath temperature (25
◦C). Excess water is condensed at lab temperature (21 ◦C).

The relative humidity is defined as:

RH =
p

p∗
· 100% (3.1)

in which p [Pa] is the actual partial pressure of water and p∗ [Pa] is the saturation vapour
pressure of water, depending on the bath temperature [61].

The ideal gas law describes the partial water vapour pressure p [Pa] as a function of absolute
temperature T [K] and the water vapour density ρ [mol/m3]:

p = ρ ·R · T, (3.2)

where R [8.314 J K−1 mol−1] is the gas constant.

23
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Figure 3.1: Schematic representation of the humidifier.

When dry and wet air flows are mixed, a vapour density ρgas is created according to:

ρgas =
QWet

QWet +QDry
· ρ∗ (3.3)

in which QWet [L/min] and QDry [L/min] are the wet and dry gas flow respectively.

Because the water vapour density ρ is directly related to the partial vapour pressure through
Equation (3.2), the following linear relation between p and Rmix holds assumed that the air
density does not change significantly in the thermal analysis equipment at the temperature
range for hydration (25 ◦C –70 ◦C)1:

pgas = Rmix · p∗, (3.4)

in which the definition Rmix ≡ QWet/(QWet +QDry) is used.

3.2 Thermogravimetric Analysis (TGA)

3.2.1 Device

A thermogravimetric analyser measures the sample mass as a function of temperature. The
basic principle underlying the TGA is that when the sample loses water to the atmosphere
(when heating) or takes up water from the atmosphere (when cooling), the sample mass will
decrease or increase respectively. By heating the salt until no further mass decrease is observed,
the dry sample mass is determined and can be used for calculation of the water loading of the
salt. Alternatively, for compounds with a well-defined hydrate state (e.g. MgCl2 · 6 H2O) , the

1This assumption is correct based on the two extreme values of the air density: 0.90 kg/m3 (70 ◦C, 100% RH)
and 1.16 (25 ◦C, 0% RH)
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Figure 3.2: Schematic representation of the thermogravimetric analyser. The sample is placed
inside the oven and the oven is cooled (and heated) with typical rates of 0.1- 10 K/min while
the oven is purged with air with fixed water vapour pressure. In isothermal experiments, the

humidity of the purge gas is changed instead of the temperature.

hydrated sample mass can be used for loading calculations as well. Sample masses are correlated
to the water loading (mol water / mol salt) via:

Loading = x− mx −m(t)

Mw
· Mx

mx
, (3.5)

where Mx and Mw (g/mol) are the molar masses of the x-hydrate and water and m(t) and mx (g)
are the actual and x-hydrate masses of the sample. In case the sample is completely dehydrated,
x = 0 and Mx is the molar weight of the anhydrous salt. In the example of MgCl2 · 6 H2O, x = 6
and Mx is the molar weight of the hexahydrate.

In this work, TGA devices of type Mettler toledo TGA851e and TGA/DSC3+ were used,
equipped with a home-built RH-generator. The experimental setup is shown schematically in
Fig. 3.2. The pan, which contains the sample is put on a sensitive balance arm (type XP5U
with a weighing range of 5 g and a resolution of 0.1 μg). The measuring cell is a cylindrical oven
with a temperature range of 25–1100 ◦C, with an internal diameter of 20 mm and a volume of 47
mL. Temperature calibration was performed with an accuracy of 0.2 K using the Simultaneous
Differential Thermal Analysis (SDTA)-signal of melting points of Na2SO4 · 10 H2O, indium and
zinc. In case of an endothermic process, such as melting, a differential signal is observed[72].
The water vapour pressure was calibrated with an accuracy of ± 1 mbar using the gravimetric
signal at the deliquescence point of LiCl ·H2O, CH3COOK, K2CO3 · 1.5 H2O, MgCl2 · 6 H2O and
Mg(NO3)2 · 6 H2O at 25 ◦C. The calibration line was checked for validity at higher temperatures
(50 and 65 ◦C) using LiCl ·H2O[59].

3.2.2 Vapour pressure calibration

The oven temperature of the TGA is set to 25 ◦C and the sample is inserted in the oven. The
mix ratio Rmix, (total flow rate 500 mL/min) is increased step wise. Each step takes 15 minutes.
Fig. 3.3 shows a typical TGA experiment, where the deliquescence of MgCl2 · 6 H2O is observed
by stepwise increasing the flow ratio. At 25 ◦C the tabulated DRH of MgCl2 · 6 H2O is 32.78 ±
0.16%, corresponding to a vapour pressure p=10.27 ± 0.05 mbar[59]. The deliquescence onset is
observed at a mix ratio Rmix= 48% (NB, not 33% as expected at 25◦C saturation temperature).
Fig. 3.4 shows the calibration curve. The mix ratios represent the onset points at which rapid
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Figure 3.3: Typical TGA experiment for vapour pressure calibration. This experiment pro-
vides one calibration point, i.e., the deliquescence of MgCl2 · 6 H2O. The oven temperature is
set at 25 ◦C and the RH is increased in steps of 4% (15 minutes per step). Experiment in duplo.

mass increase due to deliquescence is observed in TGA. The deliquescence of LiCl at 45 ◦C and
60 ◦C was used to check the calibration at higher temperatures.

3.2.3 Effect of the flow rate on the experiment

Changing the total flow rate in TGA has influence on two aspects: firstly, the amount of water
molecules passing by the sample. When using a too low flow rate, the amount of available water
molecules in the air will be the limiting factor for the reaction speed. To draw any conclusions
from experiments which investigate the dependency of the reaction rate on the vapour pressure,
it is important that the air flow will not be the limiting factor. Secondly, when working at
higher temperature, the air flowing into the system is cooler than the oven. In this way, the
imposed temperature will not always be reached. In addition, a higher flow rate will lead to
larger temperature inhomogeneities around the sample. As visible in Fig. 3.5, a higher flow
rate results in a lower sample temperature. The deviation of the sample temperature at a total
flow rate of 500 mL/min is shown in Fig. 3.6.

It should be noted that typical flow rates of 300–500 mL/min (p ≥ 5 mbar) at a temper-
ature range 25–60 ◦C correspond to circa 1·10−6 mol H2O / s. The typical hydration rate in
experiments is well below this value: 10−8 mol H2O / s. That is, the flow rate is in principle
not limiting the reaction rate.



Chapter 3 Experimental methods and tools 27

0

5

10

15

20

25

0 20 40 60 80 100

LiCl 0-1

KCH3COO3   

MgCl2 

K2CO3   

Mg2NO3  

 TGA Calibration points, Toven = 25 °C
 Linear fit
 Toven = 60 °C
 Toven = 45 °C

Rmix (%)

p 
(m

ba
r)

Rmix = 4.05 +/- 0.07 . p

Figure 3.4: Vapour pressure calibration curve of the TGA.

Figure 3.5: The influence of the flow rate on the sample temperature. The set temperature
is 50 ◦C.
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Figure 3.6: Deviation of the sample temperature from the set temperature at a total flow rate
of 500 mL/min.

3.3 Differential Scanning Calorimetry (DSC)

3.3.1 Device

In differential scanning calorimetry (DSC) the difference in the amount of heat required to
increase the temperature of a sample and reference is measured as a function of temperature.
The basic principle underlying DSC is that when the sample undergoes a physical transformation
such as phase transitions, more or less heat will need to flow to it than the reference to maintain
both at the same temperature. In the case of an endothermic process, such as melting, it will
require more heat flowing to the sample to increase its temperature at the same rate as the
reference. This is due to the absorption of heat by the sample as it undergoes the endothermic
phase transition from solid to liquid. In the case of an exothermic process, such as deliquescence
or hydration, less heat is required to raise the sample temperature. By observing the difference
in heat flow between the sample and reference, the calorimeter is able to measure the amount
of heat absorbed or released during such transitions.

Experiments were performed using a DSC of type Mettler Toledo DSC25, equipped with
a home-built RH-generator. Fig. 3.7 shows the sectional view of the device. The temperature
range of the DSC25 is 25–700 ◦C. The humidified purge gas is brought to temperature by the
heat exchanger prior to entering the measuring cell, which ensures temperature homogeneity
at various RH. Temperature calibration was performed with an accuracy of 0.2 K using the
DSC-signal of melting points of Na2SO4 · 10 H2O, indium and zinc. Heat flow was calibrated
with an accuracy of ± 3 % using the melting enthalpy of indium and zinc.[73, 74] The water
vapour pressure was calibrated with an accuracy of ± 1 mbar using the gravimetric signal at
the deliquescence point of CH3COOK, K2CO3 · 1.5 H2O and MgCl2 · 6 H2O at 25 ◦C.
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Figure 3.7: Sectional view of the DSC25 measuring cell. Provided by V. van Riet, Mettler-
Toledo.

3.3.2 Vapour pressure calibration

The oven temperature of the DSC is set to 25 ◦C and the sample is inserted in the oven. The
mix ratio Rmix (total flow rate 500 mL/min) is increased step wise. Each step takes 100 seconds.
Fig. 3.8 shows a typical DSC experiment, where the deliquescence of MgCl2 · 6 H2O is observed
by stepwise increasing the flow ratio. At 25 ◦C the tabulated DRH of MgCl2 · 6 H2O is 32.78 ±
0.16%, corresponding to a vapour pressure p=10.27 ± 0.05 mbar[59]. The deliquescence onset is
observed at a mix ratio Rmix=34%. Fig. 3.9 shows the calibration curve of the vapour pressure.
The Rmix values represent the onset points at which exothermic heat flow due to deliquescence
is observed in DSC. The partial vapour pressure of deliquescence at sample temperature 25 ◦C
is plotted against the flow ratio at which exothermic heat flow was observed.
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Figure 3.8: Typical DSC experiment for vapour pressure calibration. This experiment pro-
vides one calibration point, i.e., the deliquescence of MgCl2 · 6 H2O. The oven temperature is

set at 25 ◦C and the RH is increased in steps of 1% (100 seconds per step).
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Figure 3.9: Vapour pressure calibration curve of the DSC.
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3.4 Pressure Temperature meter (pT-meter)

The experimental setup to measure equilibrium phase lines is shown schematically in Fig. 3.10.
The setup consists of a stainless steel sample chamber (volume 50 mL) which is connected
via a valve to a vacuum pump. Tubing consists of 6 mm outside diameter stainless steel and
connections are made with Swagelokr fittings. The sample chamber, which needs frequent
assembly and disassembly, is connected via a KF flange with a rubber o-ring, which is mated
by a circumferential clamp. The sample chamber is heated with an electric band heater and
the temperature is controlled with an Eurothermr 2216e PID controller. The complete setup is
heated with an electric heating wire and all parts are insulated to avoid internal condensation.
The temperature range is between 25 ◦C and 140 ◦C with an accuracy of ± 1 ◦C. The pressure
inside the setup is measured with a KOBOLDr PAS pressure transmitter. In the calibrated
range the accuracy of the sensor is ± 0.15 mbar.

For measuring the equilibrium phase line, approximately 1 g of the hydrated salt is posi-
tioned inside the sample chamber. After evacuating the sample chamber, the chamber is heated
and the temperature is kept constant until an equilibrium pressure is reached. At equilibrium,
the pressure reaches a plateau and the change in pressure over time is less than 10−4 mbar
/s. The amount of water during dehydration to arrive at an equilibrium pressure is negligible
compared with the amount present in the hydrated salt. The temperature is increased stepwise
and the next equilibrium pressure is determined. From these data points the equilibrium vapour
pressure line is constructed as a function of temperature. Fig. 3.11 shows a typical experiment,
where the pT-phase line of CuCl2 · 2 H2O is measured by increasing the temperature 5 K in each
step and equilibrating for 2 hours. Fig. 3.12 shows the reproducibility of the p,T-measurement,
with varying equilibration time. The equilibrium pressure has a relative deviation of 2–13%.

Figure 3.10: Schematic representation of the pressure-temperature measurement setup, used
to measure equilibrium phase lines of salt hydrates. The system is thermally insulated. Sample
and surrounding are set to the same temperature simultaneously using heater 1 and 2 respec-

tively. After equilibration, the water vapour pressure is measured using a pressure sensor.
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Figure 3.11: Example of an equilibrium measurement for construction of pressure-temperature
phase diagrams. Equilibrium pressures and temperatures of CuCl2 · 2 H2O are shown as a

function of time. The equilibration time is 2 hours.
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A literature review is performed in

order to collect and analyse the thermo-
dynamic data of an utmost number of
salt hydrate reactions (563 reactions are
reviewed). These data allow us to evalu-
ate the theoretical possibilities and limi-
tations of salt hydrates as thermochem-
ical materials (TCMs) for seasonal heat
storage in the built environment. Two
filters are used for evaluation. Filter 1
including three criteria: (i): an ideal
hydration reaction with a capacity larger
than 2 GJ/m3, (ii): a hydration tem-
perature of 65 ◦C (suitable for domestic
hot water) or higher, (iii): a dehydra-
tion temperature below 100 ◦C to profit as much as possible from the solar heat that can be
harvested. Only four of the studied hydrates fit with these demands. For selecting a larger num-
ber of hydrates, a second filter is introduced with less demanding constraints. It is expected that
modifications on heat storage system level are needed to reach an acceptable system performance
with the hydrates selected through filter 2 having the following criteria (i): hydration reaction
with a capacity larger than 1.3 GJ/m3, (ii): a hydration temperature of 50 ◦C or higher, (iii):
a dehydration temperature below 120 ◦C). Based on this filter, a shortlist of 25 TCM hydrate
reactions are identified, including the four of filter 1. The shortlist is analysed by considering
price, chemical stability, reaction kinetics and safety for domestic environment. Based on this
additional analysis with the used constraints, K2CO3 is determined to be the most promising
candidate for open or closed systems, despite a relatively low energy density. Based on the
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and O. C. G. Adan. A review of salt hydrates for seasonal heat storage in domestic applications. Applied Energy,
199, 45–68, 2017.
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review of 563 hydrate reactions, we conclude that no ideal salt exists for seasonal heat storage
under the considered boundary conditions. With the current concept of seasonal heat storage,
including closed and open systems, whereby only one dehydration cycle per year is performed
under a system energy density of 1 GJ/m3, it is not realistic for large scale implementation to
use pure salt hydrates as heat storage material. By adjusting the constraints, such as multiple
cycles per year or higher water vapour pressures, salt hydrates can still be used as TCMs. It is
noteworthy that MgSO4 · 7 H2O, MgSO4 · 6 H2O and CaCl2 · 6 H2O are not listed in our shortlist
of 25 TCMs, although these hydrates are commonly suggested in the literature as promising
TCM for seasonal heat storage. The present study on pT characteristics shows, however, that
these salts are not fitting the temperature range of such a heat storage system.

4.1 Introduction

Given the societal urge for heat storage, the number of reviews on sensible, latent and thermo-
chemical energy storage materials (TCMs) has increased in the past decades, funnelling towards
application progressively.[12, 13, 26, 75, 76]

In the past years, many researchers have investigated TCMs as heat storage materials.
The first generation of salt hydrates based on TCMs have already been developed, varying from
labscale[30, 77, 78] to field demonstrations[42, 79, 80]. A complete overview of the systems
constructed in the last decade is given by Scapino et al.[81]. A great body of research is also
available on high potential salts for temperature storage below 100 ◦C, such as MgSO4[33–36],
MgCl2[37–39], SrBr2[40, 41], Na2S[42, 43] and CaCl2[39, 44, 45] which have been studied in
detail. Storage of heat for temperature applications between 100 and 300 ◦C already shows
promising results with salts based onCaO/Ca(OH)2[82] and CaC2O4/CaC2O4 ·H2O[83].

Some reviews have been published on TCMs which use the energy density as selection
criterion[26, 84–88]. One review is present which focuses on applied working conditions[89]
during hydration/dehydration. In the latter study three salts were selected: MgSO4, LaCl3 and
SrBr2 based on dehydration below 105 ◦C and rehydration at 20 mbar vapour pressure at 25 ◦C,
which corresponds to the saturated vapour pressure in equilibrium with a water reservoir at 17
◦C. However, the missing parameter for selection in these reviews is the generated temperature
Th during the hydration reaction, since this temperature is the highest output temperature the
heat battery can deliver.

In this chapter, a comprehensive literature study is presented where we analyse and extend
the search for pressure-temperature (pT) data in order to find a TCM which can store heat
seasonally in the built environment. The reference case is a typical West European dwelling
based on the passive house standard (http://www.passivehouse.com/): an average dwelling in
the Netherlands with a floor area of 120 m2, with the passive house standard of 15 kWh/m2 for
newly built houses and 28 kWh/m2 in renovated houses[90, 91]. Fig. 4.1 shows an illustration
of the seasonal domestic heat battery concept. The battery should store the excess heat in
summer, and deliver it in winter, in the form of hot tap water and space heating. According to
literature, this seasonal mismatch is circa 10 GJ on year basis[80].

The goal of this chapter is to select TCMs which fulfil the temperature demand and energy
density of a seasonal heat battery with the help of available pT data, and analyse the plausibility
of using these TCM’s. Firstly, the process of data collection will be summarised, secondly the
selection criteria are explained. Based on these criteria a short list of the most promising salts
is generated and discussed in view of the target application.
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Figure 4.1: Schematic overview of a heat battery system for domestic application, integrated
wit a solar collector[92].

4.2 Reactor concept

The working conditions of TCM systems are determined by the phase diagram of the TCM.
A phase diagram indicates the conditions under which a certain TCM undergoes hydration or
dehydration.

For heat storage, two main reactor concepts are considered, closed and open systems[40].
In the case of a closed system, all water necessary for the hydration/ dehydration reactions is
stored within the system. In the case of an open system, the water is not stored in the system
itself, but is externally supplied to (or released from) the system. Fig. 4.2 shows the schematic
representation of an open and closed system in relation to the phase behaviour of the TCM.
The reactor operates in West-European conditions, with a typical water vapour pressure of 12
mbar. This pressure is often used as guideline in present heat storage research projects[30, 93],
but can be lower or higher, depending on the exact temperature of the water source.

In the left bottom corner of Fig. 4.2, a schematic phase diagram of the thermochemical
reaction is shown. The TCM (1) has a phase line (1), which describes the equilibrium pressure
and temperature where the two hydration states MX · aH2O and MX · bH2O coexist. Applying
a condition (combination of water vapour pressure and temperature) below the solid line (1)
results in a hydration state MX · aH2O. Applying conditions above the solid phase line (1) will
result in a hydration state MX ·bH2O.

In the system, the temperature of the TCM can be varied with the help of a heat exchanger.
Vapour pressure inside the TCM heat storage system (1) is determined by the temperature of
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Figure 4.2: Top: A schematic overview of a TCM reactor. Bottom: the reactions involved
during discharging and charging of the reactor are given.

the water compartment (2). The liquid water there has an equilibrium phase line (2), describing
the temperature / pressure relation at the liquid - gas equilibrium. I.e, the water temperature
is directly related to the vapour pressure of the system according to the equilibrium line (2)
(the dotted line).

In the case of hydration (producing heat), the initial material in the TCM reactor is
MX · aH2O and the temperature in the system is Tw1, meaning that the vapour pressure inside
the system is equal to ph. The applied condition around the TCM in that case is above the solid
equilibrium line (1). Consequently MX · aH2O hydrates into MX · bH2O. During this reaction
the temperature of the TCM reactor will increase as the hydration reaction is an exothermic
reaction (releasing the binding enthalpy of the water molecules ∆H). As long as the temperature
of the TCM reactor is below Th the hydration reaction will continue. At temperature Th, both
phases (MX · aH2O and MX ·bH2O) coexist in equilibrium at the vapour pressure ph. With
help of a heat exchanger the reactor can release heat in a controlled way.
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It should be noted that water evaporates continuously from the water source (2) during
hydration. Since evaporation is an endothermic process consuming heat from the water, the
water vessel should be heated to maintain ph. Otherwise the temperature of the water vessel
decreases and the vapour pressure in the reactor will decrease as well. We assume that the
temperature of the TCM reactor and water vessel can vary independently of each other.

In the case of dehydration (regenerating MX · aH2O, right bottom corner of Fig. 4.2) a
temperature Td is applied to the TCM by means of a heat exchanger and the initial material
in the TCM reactor is MX ·bH2O. In that case, the vapour pressure applied to the system by
the TCM is equal to pd. As long as this vapour pressure of the TCM is higher than the vapour
pressure of the water vessel, water will condense in compartment (2) and the TCM (MX ·bH2O)
in compartment (1) will dehydrate to form MX · aH2O.

It should be noted that dehydration is a strongly endothermic process, where the ionic
bonds between water and salt ions are broken. The TCM should therefore be heated actively
in order to maintain the reaction on-going and maintain the vapour pressure pd. Condensation
in the water vessel (2) on the other hand is exothermic and increases the temperature (and
the equilibrium vapour pressure) in the water vessel. In a scenario without active cooling the
water source (ground water), the water temperature can increase several degrees above 18 ◦C
(typical water temperature in summer) during charging. In that case, the temperature in the
water vessel (2) Tw2 will be higher in the summer than in the winter Tw1.

4.3 Collection of data

The thermodynamic data on salts are comprised of the following parameters: pT-data, crystal
densities of the considered hydrates, reaction enthalpies, entropies and melting points. A total
of 262 salts (563 reactions) were considered (see Table 4.1), of which the majority of the data
originates from The International Critical Tables[94] and Glasser[95]. In case pT data were not
available, they were deduced from the reaction energies[70].

In general, a gas-solid equilibrium reaction can be represented by:

MX · aH2O (s) + (b−a)H2O(g) −−⇀↽−− MX ·bH2O (s),

Table 4.1: Overview of the data used in the database

Data:

Salts 262
Reactions 563
Based on:
p,T data 169
Enthalpy 310
Combined transitions 83
Parameters:
(E/V) 397
Hydration temperature 563
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wherein MX·bH2O(s) is the hydrated salt complex, MX·aH2O(s) is the dehydrated salt complex
and (b-a) is the stoichiometric amount of water, called the loading of the salt. The formation
reaction of MX·bH2O is exothermic, i.e. it produces energy which can be used for domestic
heating purposes. The reverse decomposition reaction of MX·bH2O is endothermic, thus costs
energy. This happens during summer heat storage periods. The equilibrium reaction implies
that the maximum loading of a salt MX at a temperature T is determined by the vapour pressure
of H2O(g).

The basic thermodynamic equation for equilibrium between a condensed phase (solid or
liquid) and the vapour phase of a pure substance, under conditions of low pressure, is used for
this investigation[70]:

− ln
p

p0
=

∆G0

RT
=

∆H0

RT
− ∆S0

R
, (4.1)

∆G0 = ∆H0 − T∆S0,

∆H0 = (
∑

products

∆fH
0
i −

∑
reactants

∆fH
0
i )/(b− a),

∆S0 = (
∑

products

S0
i −

∑
reactants

S0
i )/(b− a),

wherein R is the gas constant, R = 8.31451 J·K−1·mol−1, T [K] the temperature, p [Pa] the
vapour pressure, and p0 the reference pressure. ∆fH

0
i [J/mol] is the standard enthalpy of

formation for compound i and S0
i [J/mol K] is the standard entropy of i. The enthalpy of

reaction ∆H0 and entropy of reaction ∆S0 are thermodynamic quantities per mole water at
p0 = 1 bar and T = 298.15 K and assumed to be independent of temperature. Note that the
reaction enthalpy is defined for a certain reaction from an initial (a) to a final (b) hydration
state (b > a). For one salt hydrate, different enthalpies of reactions and thus reaction conditions
may exist depending on the considered reactions.

The uncertainty of the calculated TCM temperature at a given vapour pressure is calculated
with help of a 95% interval. Hereby it is assumed that the error in T , p0 and R are negligible in
Equation (4.1). In the error calculations based on enthalpy/entropy data, the error in enthalpy
and entropy is taken from the literature source or if the source does not mention the error the
maximum error is assumed to be five times the unity of the most significant digit i.e. in case
the enthalpy is given by 40.3 kJ/mol, the error is assumed to be 0.5 kJ/mol.

An example of the error calculation is given in figure 4.3. The pT -data measured by
Polyachenok [96] is plotted, including the calculated data with the help of Equation (4.1) and
the enthalpy/entropy values of Glasser [70]. Both data sources fit with each other. For CuCl2,
based on the calculation with Equation (4.1), the temperature error of the condensor/evaporator
is 1-4 ◦C. In the case the hydration/dehydration temperature is known, the error in pressure is
on the order of 10 %. This means that the calculated condensor temperature can have an error
on the order of 5 ◦C .

With help of the collected data, various parameters are calculated which are necessary to
know for selecting an appropriate hydrate reaction for the foreseen application. The energy
density of a system is calculated for an open system (no water storage included in the system)
according to the following equation:
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Figure 4.3: An example of a phase diagram composed from pT -data from experiments [96]
and pT -data calculated with help of thermodynamic data and Equation (4.1) [70]. The numbers

indicate the water loading in the different regions.

(E/V )open =
|∆H0| · (b− a)

Mb
ρb, (4.2)

wherein Mb [kg/mol] is the molar mass of the highest hydrate and ρb [kg/m3] the crystal density
of the highest hydrate. In case a combined transition of two or more reactions (k) is considered,
the energy density can be calculated according to:

(E/V )open =
Σi=k
i=1|∆H0

i | · (bi − ai)
Mb

ρb. (4.3)

For the closed system (water is stored inside the system), the volume of water molecules
involved in the reaction is considered and the energy density is also calculated by:

(E/V )closed = E/Vopen ·
1

1 + (b− a) · ρbMb
· Mw
ρw

, (4.4)

wherein Mw [kg/mol] is the molar mass of the liquid water and ρw [kg/m3] the density of liquid
water. The energy density of both open and closed systems depend strongly on the accuracy of
the crystal density and the reaction enthalpy. Although extreme accuracy is taken into account,
variations of 2 % on the energy densities are realistic.

Although not investigated further in this study, it is possible to have a two-step heating
in case the output temperature of the TCM reaction is not sufficient for the targeted heating
application. On the basis of the first reaction, water is heated with ∆T , generating a vapour
pressure necessary for inducing the second reaction wherein the TCM produces the demanded
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temperature. In that case, the energy density of the system with a double hydration step
(E/Vopen−II) will drop for an open system according to:

(E/V )open−II = (E/V )open
1

1 +
{(
Cp ·∆T + |∆He|

Mw

)
(b− a)ρb

Mw
Mb

}/
(E/V )open

, (4.5)

wherein Cp [J/(kg·K)] is the heat capacity of liquid water and ∆He [J/mol] the evaporation
enthalpy of water. In other words, extra heat is used to heat and evaporate the water. In a
closed system the energy density changes to:

(E/V )closed−II = (E/V )open−II

/(
1 + (b− a)

ρb
Mb

Mw

ρw

)
(4.6)

The volume variation during hydration/dehydration is calculated on the basis of the crystal
structure density according to:

∆V =

(
1− Mb

ρb

ρa
Ma

)
· 100%. (4.7)

The price is calculated based on price per kg Pkg,i, deducted from the loading i of the salt
hydrate indicated by the supplier and neglecting the cost of water. The price per MJ PMJ is
calculated according to:

PMJ = Pkg,i ·
Mi

|∆H0|
· 10−6. (4.8)

By referring to the current database it is possible to select an appropriate hydrate reaction
for any application. As the enthalpy and entropy are known for all reactions in the database,
an equilibrium vapour pressure can be found for each TCM temperature and vice versa with
the help of Equation (4.1). This database will guide the material and system developers during
initial screening of suitable hydration/dehydration reactions for particular applications based
on crucial demands: output temperature (Thydration), regeneration temperature (Tdehydration)
and energy density E/V .

4.4 Selection procedure

An appropriate TCM for seasonal heat storage should meet a certain set of thermodynamic
conditions. These conditions are listed in Table 4.2. Two different set of thermodynamic
conditions (filters) were used for selecting suitable candidates. These filters reflect strict and
flexible selection criteria, as explained hereafter. In addition, an analysis is made on non-
thermodynamic conditions such as price, chemical stability and safety. Filter 1 selects a TCM
which can fulfil the demands of the ideal heat storage system. This heat storage system should
be able to store 10 GJ of heat, in order to overcome seasonal fluctuations[80, 97], within 10
m3. Therefore, an energy density of 2 GJ/m3 on material level (without considering water
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Table 4.2: Thermodynamic criteria for selecting hydrates suitable for heat storage considering
domestic application. E/V in this table is the energy density of the TCM, in which only the
volume of the TCM is considered. A vapour pressure of 12 and 20 mbar corresponds to a water

temperature of 10 and 17 ◦C in the reservoir respectively.

Filter 1 2

E/V [GJ/m3] >2 > 1.3

Hydration
p [mbar] 12 12
T [◦C ] > 65 > 50

Dehydration
p [mbar] 20 20
T [◦C ] < 100 < 120

Tmelting > Tdehydration > Tdehydration

storage, open system configuration) is targeted as the reactor system (piping, valves, tubing)
and material porosity will decreasing the energy density on system level. Beside volumetric
considerations, the TCM should provide temperatures of domestic hot water (DHW) (T >65◦C
) and space heating (HW) (T >40◦C ) within one heating step. This temperature should be
reached with a corresponding vapour pressure of 12 mbar, which is equal to an equilibrium
vapour pressure of a water source at 10 ◦C. This 10 ◦C is based on keeping the temperature of
the evaporator constant with help of a borehole based on the ground temperature and the ground
temperature at 7 m below surface is approximately 12 ◦C over the year in the Netherlands [98].

Loading of the heat storage system is foreseen to be performed with heat from solar panels.
Different panels are available for domestic applications; flat plate collectors and evacuated tubu-
lar collectors. Depending on the specific collector design, different temperatures can be reached,
where the power output of the collector depends on the output temperature. In case higher
output temperatures are required the total collector energy output in a year will decrease. In
this case a dehydration temperature of 100◦C is considered, where a low-cost flat plate reactor
can generate 1.8 GJ/m2 per year[99] with given output temperature. During dehydration, the
condenser temperature is a significant variable, which will rise during condensation. In order
for the dehydration process to continue, the condenser should be cooled. A temperature of
17◦C inside the water drain is considered as reasonable, provided there is a borehole or air
cooling. As a consequence, the TCM should dehydrate at a temperature below 100◦C and with
a water vapour pressure of 20 mbar. In consideration of mechanical stability, the melting point
should be above the dehydration temperature. The second filter is introduced as a compro-
mise between the strict boundary conditions for an ideal salt hydrate and achievable boundary
conditions based on available salt hydrates. The energy density is lowered to a value of 1.3
GJ/m3 on material level, which results in approximately 1 GJ/m3 in a closed system. The hy-
dration/dehydration temperatures are increased/decreased respectively. This filter will impact
system level design, e.g., higher dehydration temperatures and additional heating to reach hot
tap water temperatures.

4.5 Database

The database consists of 563 entries with complementary thermodynamic data from multiple
sources. Multiple hydration transitions are possible for one compound (e.g., a 2–4 transition and
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Figure 4.4: A histogram of the energy density of 361 studied hydration reactions. The reaction
energy density is calculated on the basis of the molecular volume of the highest hydrate in the

reaction and the enthalpy change.

a 4–6 transition for MgCl2). For that reason, all possible hydrate transitions (i.e., 2–4, 4–6, and
2–6) are considered in this database. A histogram of the energy densities of the available TCM
reactions (only 397 records within our database contain information about energy densities) is
plotted in Fig. 4.4. As can be seen, the histogram peaks around 1 GJ/m3. The number of
hydrate reactions with an energy density above 2 GJ/m3 (filter 1) is only 114.

Analysing the maximum hydration and minimum dehydration temperature at the condi-
tions stated in Table 4.2, two histograms are generated, plotted in Fig. 4.5a and b, respectively.
The shape of the histogram plotting the hydration temperature peaks around 30 ◦C , implying
that most salts have a too low output temperature for generating domestic hot tap water under
the applied conditions. Here we stress that hydration reactions of MgSO4 (monohydrate to
hepta- or hexahydrate at 24 and 21 ◦C , respectively) and CaCl2 (anhydrous to hexahydrate
at 31 ◦C), often considered as promising salts and extensively investigated[33–37, 39, 44, 45]
fail in this respect. It should be noted that reactions with a TCM temperature below 10 ◦C
have suspicious pressure temperature characteristics (i.e., the vapour pressure of the compound
appears higher than the vapour pressure of pure water, which is physically not possible).

The minimum temperatures necessary for the different dehydration reactions are given in
Fig. 4.5b. This figure shows that most salts lose water readily at 40 ◦C to a condenser at 20
mbar of water vapour pressure. If the temperature window of filter 1 is applied on this dataset,
165 salts fit the hydration conditions and 415 salts fit the dehydration conditions, respectively.
The p,T data of reactions with a TCM temperature below 17 ◦C are doubted, since this would
imply that the vapour pressure of the compound is higher than pure water.

By applying all conditions of filter 1 at once on the dataset, the number of possible TCM
candidates reduces to four: Na2S, LiCl, EuCl3 and GdCl3. The last two salts are rare earth
metals and cannot be used on a large scale with reasonable prices. Furthermore GdCl3 is toxic
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Figure 4.5: A histogram of 361 studied hydration reactions showing the maximum hydration
temperature with a vapour pressure of 12 mbar (a) and the minimum dehydration temperature

with a vapour pressure of 20 mbar (b).
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(MSDS safety sheet) and LiCl is strongly corrosive[100] and expensive[101], which makes both
candidates unfavourable for application. Na2S is the most promising of these four materials. It
has a high theoretical energy density and the dehydration temperature is relatively low. On the
other hand, Na2S is corrosive[100, 102], reactive[103] with the risk of outgassing of H2S[75, 104]
which is as a high priority chemical threat, as well as potential weapon of mass destruction
by terrorists[104]. Not surprisingly, Na2S is mentioned as a dual use material by the Australia
Group[105].

Despite the potential chemical hazards, experience with Na2S can be found in several
heat storage projects like TEPIDIUS (1980) [42], SWEAT (2004)[43] and MERITS (2015)[106,
107]. These projects all suffered from corrosion initially and report varying results on tackling
this issue by coating all surfaces inside the reactor[106]. Until now, it is unknown how the
performance of the coatings will be on time scales of years. Also concerns are raised regarding the
full discharge, since the release of the last 1.5 water molecules from Na2S · 5 H2O is at conditions
close to its melting point[43]. In case no complete dehydration is reached, the energy density will
drop from 2.79 GJ/m3 to 1.58 GJ/ m3. In addition, local variation in the temperature during
dehydration can cause melting of the TCM, which challenges the stability of the performance
of the heat storage system.

If filter 2 is considered, a shortlist of 25 hydration reactions remains. A summary of
thermodynamic conditions is given in Fig. 4.6. The hydration and dehydration temperatures
are plotted against the energy density for the hydration reactions, as well as the known melting
temperatures of the hydrates. The initial and final hydration states are indicated below the salt
labels. Table 4.3 gives a more detailed overview of the thermodynamic data and application
considerations of these 25 TCMs. A detailed evaluation of this long list will be performed
hereafter.
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Figure 4.6: A selection of the database, which fits the drafted working conditions of filter 1
and/or 2, where the gray shaded area fits the working conditions of filter 1. The maximum hy-
dration and the minimum dehydration temperature of the different hydrate couples are plotted
against the reaction energy density on material level (open system). The vapour pressure is
equal to 20 mbar and 12 mbar during dehydration and hydration, respectively. In addition the

lowest melting temperature of the involved hydrates within the reaction is plotted.

4.6 Evaluation of top 25 reactions

Table 4.3 lists the hydrate reactions, selected on the basis of filter 2 working conditions. In
this section all factors (thermodynamic and non-thermodynamic) are evaluated to arrive at a
short-list of TCMs suitable for seasonal heat storage.

4.6.1 Energy density

Heat storage system performance depends only partially on the material energy density. The
effective system energy density is dependent on the choice of an open or closed system. In
Fig. 4.7, the energy density of a pure TCM is plotted against the energy density of a reactor
at different porosities. In all cases an open system leads to a higher energy density, but the
difference between the open and closed system decreases with increasing porosity. For example,
based on Fig. 4.7, a TCM of 3.0 GJ/m3 and a porosity of 30% in a closed system has a system
energy density similar to a TCM material with an energy density of 1.8 GJ/m3 and equal
porosity in an open system. Practically this means, that in case the 1 GJ/m3 at system level
is demanded, the material should be at least above 1.4 GJ/m3 and 2.0 GJ/m3 for an open and
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Figure 4.7: The TCM energy density plotted against the reactor energy density. Different
porosities for open and closed systems are considered.

closed system, respectively. Hereby, we did not yet consider volume for the reactor itself, piping,
insulation, valves, control systems, etc.

The best performing reactions solely based on the energy density criterion are Na2S (0.5–5),
GdCl3 (0–6) and EuCl3 (0–6) in an open as well as a closed system.

4.6.2 Volume variation

The relative variation of crystal volume during a hydration/ dehydration reaction is shown in
Table 4.3. This number is calculated based on the crystal density of highest and lowest hydrates
involved in the studied reaction (both listed in Table 4.3). Fig. 4.8 shows the crystal volume
variation of all considered dehydration reactions in the database against the energy density
involved in this reaction. The figure shows a linear trend of 22% volume variation per GJ,
meaning that in general the crystal volume varies more in case the energy density of the hydrate
increases. Grains generally dehydrate heterogeneously and so, shrink heterogeneously as well.
As a consequence, void spaces will be formed inside the initial grain. The new formed voids will
decreases the mechanically stability of the original grain. This will results in pulverisation as
the grains are multiple times loaded/ unloaded[82]. The pulverisation of the grains changes the
permeability of the bed and thus the performance of the entire reactor changes as well[79]. In
addition, swelling and shrinkage of the grains may induce stresses within the heat exchanger.
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Figure 4.8: The volume variation of dehydration reactions plotted against the energy density
of the TCM. The linear fit indicates that on average each stored GJ results in a 22% volume

variation of the hydrate.

Another implication of volume changes is related to the heat conductivity of the materials.
As for many hydrates the thermal conductivity is on the order of 0.5 Wm−1K−1[112] and that
of air is on the order of 0.024 Wm−1K−1, where the empty space in between the grains will act
as an insulator. Based on the effective medium theory, the heat conductivity of a grain with
20% or 40% void space within the grain will be reduced by 40% and 70%, respectively[113].
In order to minimise the void space, it is favourable to choose a material with a small volume
variation. However, such smaller volume variation is accompanied with a lower energy density
(see in Fig. 4.8).

4.6.3 Hydration temperature

The hydration temperature indicates the maximum temperature that can be generated in a
certain reaction at the given vapour pressure of 12 mbar. This is important in view of the
application, as the output temperature of the TCM will determine if a salt is only feasible for
domestic heating or also for hot tap water as well. In case the TCM is insufficient for generating
the required temperature, additional after-heating is necessary. This can be achieved with
electrical heating, but post-heating with a second TCM reactor is an option as well. This can
be accomplished by generation of higher vapour pressure at the evaporator. The temperatures
in Table 4.3 are calculated for a system with a water vapour pressure of 12 mbar. In case the
vapour pressure increases, i.e. the evaporator temperature increases, the maximum reaction
temperature will increase as well. So, if part of the heat generated with the first reactor is
added to the evaporator, a higher reaction temperature can be reached, being of interest to
reactions with output temperatures between 50 and 65 ◦C. The drawback of this approach is
the reduction of the effective energy density (see Eqs. (6) and (7)). For example, in case of a
2-step system on CuCl2, where the temperature of the evaporator is increased 13 ◦C to reach
an output temperature of 65 ◦C , the energy density drops from 1.74 GJ/m3 to 1.21 GJ/m3

and from 1.13 GJ/m3 to 0.72 GJ/m3 for an open and closed system, respectively. This drop
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in energy density is significant, but if only part of the volume of TCM is used for domestic hot
water, where the drop in energy density of the entire system is less significant.

The reactions with the highest hydration temperatures (i.e., highest output temperature)
are Mg(NO3)2 (0–2), LiBr (0–1) and LiI (1–3).

4.6.4 Dehydration temperature

The dehydration temperature is the minimum dehydration temperature at which the TCM can
dehydrate to the desired loading with a given water vapour pressure of 20 mbar, based on the
condenser temperature in the summer. The temperature inside the TCM can be accomplished
in several ways e.g., solar collectors, electrical heating, waste heat. The output temperatures of
solar collectors strongly depend on the strength of the solar radiation. This radiation intensity
fluctuates by strength, depending on the hour of the day, cloudiness and season. Generally a
lower dehydration temperature results in a reduction of solar collector surface for the production
of the desired temperature and power output[99].

Ideally, the dehydration temperature should be kept as low as possible, to be able to charge
the battery multiple times a year. Besides the appropriate salt selection, this also depends on
the condenser temperature. In practice, the condenser temperature is the temperature of the
water reservoir in summer, i.e. 18 ◦C in Western Europe climate.

Based on the dehydration temperature, FeCl2 (0–2), CuCl2 (0–2), KAl(SO4)2 (3–12) and
MnI2 (0–4) are the best reactions, i.e. they demand the lowest temperature for charging.

4.6.5 Melting temperature

During dehydration of pure hydrates, the melting point determines the maximum dehydration
temperature. If the temperature exceeds the melting point, the grains will melt and clog to-
gether, which results in a change in porosity of the reactor, affecting the power in- and output.
Because of this, CaCl2 hexahydrate and tetrahydrate cannot be used as TCM above 40 ◦C as
they have melting points of 30 and 45 ◦C, respectively. As a consequence the transition of CaCl2
(0–2) should be handled with care as during hydration at lower temperatures, the higher hy-
drates (hexahydrate and tetrahydrate) can be formed. If this is the case, clogging of the grains is
still possible in case the grains are heated above the melting points, which makes it challenging
to work with CaCl2 as a TCM. As the power during dehydration is strongly affected by the
difference in minimum dehydration temperature and applied temperature[114–116], reactions
such as CuCl2 (0–2), K2CO3 (0–1.5) and FeCl2 (0–2) are more favourable.

4.6.6 Deliquescence vapour pressure

Deliquescence is a key parameter for grain stability both in view of hydration at low temperatures
and TCM storage. In case of deliquescence, the grains can clog to each other, changing the local
porosity of the TCM. This affects the power which can be delivered/ absorbed by the reactor
as the vapour transport will be hampered.

The known deliquescence vapour pressures at 25 ◦C are listed in Table 4.3, which is only an
indication. For specific applications a different temperature should be selected. As can be seen,
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some hydrates will tend to deliquescence in case the hydration vapour pressure is applied when
the TCM is still cold (T <25 ◦C ). For example MgCl2 and CaCl2 can deliquescence during the
initial hydration process as the TCM is still cold and the vapour pressure of 12 mbar is applied,
which is unwanted.

Different strategies for anticipating deliquescence effects can be used. For example a pre-
heating step can avoid deliquescence or start at a lower condenser temperature. Furthermore,
deliquescence as well as melting in a TCM reactor might be accepted in case a stabilisation
technique is used to avoid clogging, such as matrix impregnation[117] or microencapsulation by
polymers[118]. A stable grain structure is desired, to secure a steady heating/dehydration rate
of the reactor.

Based on the deliquescence criteria, CuCl2 (0–2), Mg(NO3)2 (0–2; 2–6) and LiNO2 (0–1)
are the most suitable reactions.

4.6.7 Price

The price of the material is a crucial boundary condition affecting the economic feasibility of
any heat storage system. For that reason, rare earth metals, like EuCl3 and GdCl3, are thus
not considered. The prices mentioned in this article are based on industrial scale produced
materials where for the real application bulk material will be used as the base material. We
tried to estimate the prices of the material as accurately as possible. Hereby, we cooperated
with a distributor and manufacturer within the chemical and food market[101] to come up with
realistic market prices. The price is given in euro per kg, as a reference, which is the price of
1 kg of the stable hydrate under ambient conditions. The effective price, expressed in euro per
joule, determines the actual price per energy. Based on price as an indicator, MgCl2 is currently
the most promising candidate, with reservation of bulk price fluctuations for the listed salts in
the future. Other good candidates are Na2S (0.5–5; 2–5) and CaCl2 (0–2).

4.6.8 Safety

Safety is an important aspect in the salt selection procedure, as the TCM will be applied
in the domestic environment involving all stages of the heat storage system life cycle, from
installation, maintenance and revision, operation, dismantlement and accidents. Safety impact
refers to health effects or environmental damage that may be produced by a chemical.

1. The LD50-values (i.e. Lethal Dosis for 50% of subjects) of the considered salts is listed
in Table 4.3, in which we categorise an LD50 below 25 mg/kg as highly toxic; between 25
and 200 as toxic and between 200 and 2000 as harmful[119]. Based on this classification,
GdCl3 and NiCl2 are toxic, and Na2S is harmful, but a borderline case. Note that from
the point of view of the customer, the LD50 value is merely an indication of health risks,
as the customer will not directly interact with the materials.

2. Special attention is devoted to the following hydrates that are explicitly mentioned to be
toxic or acute toxic in the MSDS safety sheets: MnI2, VOSO4 and CuCl2, although this
is not shown based on the LD50 values.

3. Possible side-reactions due to outgassing or catalytic effect of salts should be addressed
case-specifically. Examples are H2S and HCl-formation in the case of Na2S and MgCl2,
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respectively. Ca(ClO4)2 is a strong oxidising agent, which is of major concern in fires and
relevant for working conditions.

4.6.9 Chemical stability

A heat battery based on TCMs should reasonably have a service life of about 15–20 years,
preferably without replacing the TCM material. A stable material performance is desired, i.e.
the TCM should not decompose or transform into another material. Based on this criterion,
CrCl2 and FeCl2 are eliminated from Table 4.3, since Cr +

2 and Fe +
2 are prone to oxidation in

a humid environment[119]. A different oxidation state will affect the pT characteristics, which
is unwanted.

A second point of concern is outgassing. For example, MgCl2 is known to produce HCl
gas at high temperatures (above 140◦C [71]). Recent studies indicate that even at temperatures
below 100◦C during cyclic hydration/dehydration HCl gas is produced[120]. This reduces the
amount of TCM in the reactor and the HCl gas may induce corrosion and increases the pressure
inside a closed system.

Although outgassing of Na2S is not studied as thoroughly as MgCl2, several sources mention
that Na2S can emit gaseous H2S[75, 121], which is strongly corrosive. Another hydrate in the
list that may decompose under the considered working conditions is Mg(NO3)2[122].

For all these hydrates, the stability of the material should be considered in view of the
service life duration. The rate of chemical decomposition will determine whether a hydrate
should be rejected or not. Current data on decomposition rates are insufficient to exclude the
above mentioned hydrates, although these salts are unfavourable as a first choice on the basis
of chemical stability.

4.6.10 Short list

The final column of Table 4.3 summarises the critical points of concern i.e. potential showstop-
pers for using salt hydrates to store heat under the considered boundary conditions. For the
majority of the listed salts, concerns arise regarding the material price, stability of the TCM or
safety of the system. K2CO3 is the only remaining candidate without points of concern, despite
the fact it is the lowest-ranked salt in our shortlist in terms of energy density. K2CO3 can oper-
ate in an open system without safety or stability issues to the best of our knowledge, contrary to
high potential candidates like Na2S and MgCl2. In addition, K2CO3 performs sufficiently well
considering dehydration temperature, melting point, deliquescence point and price. Other salts
with potential are MgCl2, assuming HCl production can be minimised and deliquescence can
be avoided or CuCl2 in case of multiple hydration/dehydration cycles a year. Na2S is alluring
based on the remarkably high energy density and low price. However, the rate of degradation
has to be tested in closed system settings before a possible application.

4.7 Conclusion

An extensive review of 563 hydrate reactions is performed, resulting in a database1, in which
the thermodynamic data of these reactions are summarised. With help of the current database

1Available online[13].
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it is possible to select an appropriate hydrate reaction for any application. For example an in-
dustrial application will have different working temperatures, number of cycles and other safety
regulations than applications in households. As the enthalpy and entropy data of 563 hydrate
reactions are listed in this database, for each reaction an equilibrium vapour pressure can be
found for a given temperature and vice versa. This database will help the material and system
developers for performing initial screening on suitable hydration/dehydration reactions for par-
ticular applications based on crucial demands: output temperature (Thydration), regeneration
temperature (Tdehydration) and energy density (E/V ).

In this study the database is used to evaluate the theoretical potentials and limitations
of salt hydrates as thermochemical materials (TCM) for heat storage in the built environment
under boundary conditions relevant to seasonal use in domestic environments. A list of 25
candidate salts is composed from this database based on four criteria: energy density on material
level above 1.3 GJ/m3, hydration temperature above 50◦C, dehydration temperature below
120◦C and a melting point above the dehydration temperature.

Considering these conditions, commonly suggested salt hydrates like CaCl2 (hexa- and
tetrahydrate) and MgSO4 (hepta and hexahydrate) did not fit the demands for seasonal heat
storage (for domestic heating and hot tap water using the hydration reaction). According to the
database, it is impossible to reach the required temperatures during hydration with a reasonable
energy storage density.

As the goal of this review is to find a TCM for domestic application over a period of
20–30 years, the list additionally analyses other critical parameters: safety, chemical stability,
kinetics and price. It turns out that almost each material in this top 25 candidate list has its
own challenges or foreseen problems. One of the largest problems is the price: eleven selected
materials are disregarded after price investigations.

Finally, a single candidate -K2CO3- remains from the list of 25 candidate salt hydrates
under the boundary conditions considered. K2CO3 has an energy density on material level that
is still 6 times larger than water with a ∆T of 50 ◦C and has no heat loss during storage. By
taking into account that the heat storage system also consumes volume, the energy density
will drop significantly. Relatively small challenges on system level are expected concerning
maintenance, as K2CO3 is not strongly corrosive, no higher hydrates are known and it has no
known unsafe side-reactions. As it does not reveal any decomposition reactions, an open system
is an option with K2CO3. MgCl2 can be considered as a candidate as well provided a solution
for HCl-outgassing and deliquescence is found.

The 1.3 GJ/m3 energy density of K2CO3 makes it rarely unlikely that 10 GJ of heat will be
stored in domestic applications, as this means that the material consumes almost 8 m3, without
considering porosity, volume of reactor vessel and heat exchangers. As a consequence, a heat
storage system on the basis of K2CO3 with a single hydration/dehydration cycle a year will
be unlikely based on the storage volume. In a multicyclic application, however, the amount of
stored heat decreases per cycle, likewise decreasing the amount of material, storage volume and
price of the system. Moreover, an increased number of cycles per year appears more feasible
when the dehydration temperature is lower. At lower dehydration temperatures, a solar system
or waste heat can deliver the required temperature more easily.

A lower dehydration temperature however, means in general a lower hydration (i.e. output)
temperature as well. This may be anticipated by increasing the evaporator temperature or by
serial application of TCM systems. K2CO3 has a relatively low dehydration temperature, which
may facilitate multiple cycles per year.
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Based on an extensive review of 563 hydrate reactions, no ideal salt exists for seasonal heat
storage under the boundary conditions considered. With the current concept of seasonal heat
storage, including concepts of closed and open systems, whereby only one dehydration cycle per
year is performed and a system energy density of 1 GJ/m3, it is not realistic for large scale
implementation to rely on pure salt hydrates as heat storage materials. Although the present
view of seasonal heat storage seems unprofitable, multiple usages per year, utilisation in peak
shaving[123] or storing waste heat[124] are all promising prospects. In conclusion: changing
the concepts behind seasonal heat storage is in our view necessary to overcome energy density
and price issues, which will provide TCM with an opportunity to be a valid technique for heat
storage in the future.





Chapter 5

Understanding the hydration of
salts: The impact of a nucleation
barrier

Abstract

In this study, the water vapour
pressure - temperature (p-T) phase di-
agram of the following thermochemi-
cal salts was constructed by combin-
ing equilibrium and non-equilibrium hy-
dration experiments: CuCl2, K2CO3,
MgCl2 · 4 H2O and LiCl. The hydra-
tion of CuCl2 and K2CO3 involves a
metastable zone of circa 10 K and the
induction times preceding hydration are
well-described by classical homogeneous
nucleation theory. It is further shown for K2CO3 (metastable) and MgCl2 · 4 H2O (not
metastable) through solubility calculations that the phase transition is not mediated by bulk dis-
solution. We conclude that the hydration proceeds as a solid-solid phase transition through a
mobile phase. The mobile phase is a wetting layer, in which nucleation takes place. The mo-
bility of the wetting layer increases with increasing vapour pressure. In view of heat storage
application, the finding of metastability in thermochemical salts reveals the impact of nucleation
and growth processes on the thermochemical performance and demonstrates that practical as-
pects like the output temperature of a thermochemical salt are defined by its metastable zone
width (MZW) rather than its equilibrium phase diagram. Manipulation of the MZW by e.g.
pre-nucleation or heterogeneous nucleation is a potential way to raise the output temperature
and power on material level in thermochemical applications.

This chapter has been published as: L. C. Sögütoglu, M. Steiger, J. Houben, D. Biemans, H. R. Fischer,
P. A. J. Donkers, H. P. Huinink, O. C. G. Adan. Understanding the hydration process of salts: The impact of a
nucleation barrier. Crystal Growth and Design, 19(4), 2279–2288, 2019.
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Figure 5.1: Two possible pathways of hydration. (I): a direct solid-solid transition and (II):
a solution-mediated transition. α and β represent different crystal structures, water molecules

are represented by the smaller filled circles.

5.1 Introduction

The hydration of a salt is a complex process where mass and heat transfer accompany the
exothermic binding of water, with typical volume expansions of 50% due to drastic changes
in the crystal structure. With this complex interplay in mind, a thermochemical salt can be
described in a simplified way as a structure α decomposing and reorganising into structure β
upon absorption of gaseous water. The latter is known as a structural phase transition.

Structural phase transitions and mechanisms have been studied extensively for dehydration[47,
48]. However mechanisms of hydration are less pronounced; these studies require a well-defined
relative humidity (RH) and temperature, which can be an experimental challenge. The hydra-
tion of pharmaceutically active compounds is reported usually at ambient conditions, focussing
on the stability of the pharmaceutical[125, 126]. Hydration studies of thermochemical salts as
a function of RH on the other hand, are relatively scarce[49–52].

Based on the present literature, two main pathways can be hypothesised for the hydration of
a crystalline salt. (I): a direct solid-solid transition, reported for symmetry related (topotactic)
start and end structures[127] and (II): a two-step pathway, where liquid formation mediates the
solid-state transition[49]. The two pathways are schematically depicted in Fig. 5.1.

This work aims to shed light on the hydration process of crystalline salts within the frame
of thermochemical heat storage. To this end, four salts (reactions i-iv) were studied, which were
presented in chapter 4 among the most suitable systems for heat storage in domestic application,
based on considerations of energy density and hydration temperature.

CuCl2(s) + 2 H2O(g) −−⇀↽−− CuCl2 · 2 H2O(s) (i)

K2CO3(s) + 1.5 H2O(g) −−⇀↽−− K2CO3 · 1.5 H2O(s) (ii)

MgCl2 · 4 H2O(s) + 2 H2O(g) −−⇀↽−− MgCl2 · 6 H2O(s) (iii)

LiCl(s) + H2O(g) −−⇀↽−− LiCl ·H2O(s). (iv)
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In this study, it is demonstrated that reactions i and ii proceed as a solid-to-solid phase
transition according to classical homogeneous nucleation with a metastable zone width of circa
10 K. In the same experimental conditions, reactions iii and iv occur nearly instantaneous at
equilibrium. The difference in hydration behaviour is considered in view of recent literature
on the dissolution of the metastable phase. Finally, the thermochemical performance of the
investigated salts is presented.

5.2 Theoretical background

Although it is impossible to truly detect the moment of nucleation and the actual nucleation rate,
the inverse of the observable induction period is often taken as a measure of the latter[63]. In
this section we briefly summarise the key aspects of nucleation theory applied to hydration[68].
For details, the reader is referred to section 2.4.

The nucleation rate Jnuc can be expressed in the form of an Arrhenius-like reaction rate
equation, containing a kinetic parameter κ [s−1] (not further parametrised here) and the classical
energy barrier ∆G∗ [J]:

Jnuc = κ exp
(−∆G∗

kBT

)
, (5.1)

where kB is the Boltzmann constant [1.38· 10−23J/K] and T [K] is the absolute temperature.

It is not straight-forward to predict the shape and location of the nucleus. Hydration
might involve the formation of the hydrate salt cluster on or partially in the dehydrated crystal.
Two main scenarios are possible. 1): The β cluster grows layer-by-layer on the surface of the α
phase. This is the case for a deposition type of growth. That is, the interfacial energy between
phase β and its surrounding acts only at the radial direction of the cluster, causing 2D layer-
by-layer growth. 2): The β cluster grows in an overlayer mode. This is the case for a nucleation
point which expands uniformly. That is, the interfacial energy between β and surrounding acts
uniformly from all orientations, causing a 3D growth[64, 128]. The considered nucleus shapes
are schematically represented in Fig. 5.2.

It should be noted that partial dissolution of the surface layer of the crystal is possible.
Further hydration of the crystal would in this case involve transport of water to the inner parts
of the crystal via e.g. the interface between nucleus and crystal (dotted line in Fig. 5.2).

For the generic hydration reaction,

MX · aH2O (s) + (b−a)H2O(g) −−⇀↽−− MX ·bH2O (s),

the critical cluster size r∗ and the corresponding energy barrier for nucleation ∆G∗ are as follows
for a 2D and 3D nucleus:

r∗2D =
vγ

(b− a)kBT ln p/peq
(5.2)

r∗3D =
2vγ

(b− a)kBT ln p/peq
(5.3)
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Figure 5.2: Schematic cartoon (side view) of nucleus shapes. The hydrated phase β nucleates
by absorption of gaseous water from the atmosphere. In case of a 2-dimensional nucleus, growth
proceeds layer by layer. In case of a 3D nucleus, growth proceeds as an expanding sphere. The

nucleus has an interface (dotted line) with its surrounding.

Table 5.1: Nucleation rate parameters for CuCl2 · 2 H2O and K2CO3 · 1.5 H2O. The height h
is taken here as the unit cell axis which is parallel to the layer of water molecules in the hydrated

structure[129, 130]

.

CuCl2 K2CO3

a 0 0
b 2 1.5
v (m3) 112.3·10−30 124.0·10−30

h (m) 7.414·10−10 7.1093·10−10

and

∆G∗2D =
hπvγ2

(b− a)kBT ln(p/peq)
(5.4)

∆G∗3D =
ηπv2γ3

(b− a)2(kBT )2 ln2(p/peq)
, (5.5)

where h [m] is the height of a disc-like 2D cluster, typically Å-scale corresponding to a monolayer
of growth units, v [m3] is the volume of one hydrated salt unit MX · bH2O (phase β), γ [J/m2]
is the interfacial surface energy and p/peq [-] is the supersaturation in terms of the partial water
vapour pressure p [Pa] and the equilibrium vapour pressure peq [Pa]. Further, b [-] is the number
of water molecules per salt unit in phase β and a [-] is the number of water molecules per salt
unit in the lower hydration state MX · aH2O (phase α). Finally, η [-] is a shape factor for the
3D cluster, which is 16/3 for a sphere and 8/3 for half a sphere (hemisphere). The material
parameters a, b, v and h are listed for CuCl2 and K2CO3 in table 5.1.

5.3 Materials and methods

5.3.1 Sample preparation

K2CO3 · 1.5 H2O (pro analysis) was purchased from Sigma-Aldrich and
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CuCl2 · 2 H2O, MgCl2 · 6 H2O and LiCl (pro analysis) were purchased from Merck. Salts were
sieved to 50-164 μm size fraction and used without any further purification. K2CO3 was pre-
heated to 120 ◦C to purify the compound from any possible bicarbonate impurity[131].

5.3.2 Pressure - Temperature measurements (p,T-meter)

The experimental phase diagram of K2CO3, CuCl2, MgCl2 · 4 H2O and LiCl was measured with
the p,T-setup as described in section 3.4.

5.3.3 Thermogravimetric analysis (TGA)

TGA was performed under air flow (500 mL/min) using a TGA of type TGA851e. Details about
the equipment can be found in section 3.2. Approximately 5 mg of the hydrated salt was placed
in a 40 μL Mettler-Toledo standard aluminium pan without lid and samples were dehydrated
and rehydrated at fixed water vapour pressure p using the following heating/cooling rates: 0.1,
0.2, 0.5, 1, 2 and 5 K/min.

5.4 Results and discussion

5.4.1 Metastable zone

The phase diagram of salt hydrates (Fig. 5.3) was mapped by plotting the partial water vapour
pressure p of the salt against the temperature T of the salt. The thermodynamically distinct
phases were identified based on the sample mass and validated using powder XRD (see Appendix
A).

Equilibrium (p,T) values were obtained using the p,T-meter, by measuring absolute vapour
pressures at steady sample temperature (Fig. 5.4a). The experimental values match the equilib-
rium pressures in literature to a satisfactory extent[60, 94–96]. Metastable zone width (MZW)
values were measured using TGA, by heating/cooling the salt at a fixed vapour pressure and
detecting the onset temperature at various heating/cooling rates (Fig. 5.4b).

Based on Fig. 5.3, a clear difference between the equilibrium pressure and the thermogravi-
metric onset pressure (called the critical pressure p∗ hereafter) for hydration and dehydration
are observed for CuCl2 (a) and K2CO3 (b). An in-depth study on the dehydration of CuCl2
appeared recently[48]. The rest of the paper focusses on the hydration behaviour only.

For CuCl2 and K2CO3, the critical pressure for hydration is significantly higher than the
equilibrium phase line. MgCl2 (c) and LiCl (d) on the other hand have a much smaller to
virtually no difference between the equilibrium pressure and the critical pressure.1 Among the
investigated compounds, K2CO3 hydration was reported earlier (1984) as kinetically hindered,
without further experimental elaboration on the low vapour pressure region[52].

1An extended set of phase diagrams is presented in Appendix B
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Figure 5.3: Experimental phase diagrams of (a): CuCl2, (b): K2CO3, (c): MgCl2 · 4 H2O and
(d): LiCl. p is the partial water vapour pressure. Solid symbols represent equilibrium pressures
at steady sample temperature. Open symbols represent the onset temperatures for hydration
at fixed vapour pressure. Equilibrium pressures and critical pressures were plotted with the
Clausius-Clapeyron relation as a guide to the eye, displayed by the solid and dashed lines
respectively. Equilibrium pressures from literature are indicated by the dotted lines[60, 94–96].

The inactive (metastable) zone is hatched.

5.4.2 Nucleation and growth

After mapping the equilibrium phase line and the critical pressure p∗, hydration experiments
were performed on CuCl2 and K2CO3 at supersaturations below p∗.

Conversion below p∗ proceeds only after an induction period, illustrated for CuCl2 in
Fig. 5.5. When a supersaturation (Fig. 5.5a) is applied at point A in time (Fig. 5.5b), an
induction period τ passes until accelerated water uptake begins at point B. Point B denotes
the extrapolated onset point of the hydration and was taken as the induction period τ [132].

A second observation below p∗ is the following: if the induction period at a supersaturation
(I) is not completed (Fig. 5.6), but the salt is allowed to induce at a higher supersaturation
(II), conversion proceeds instantaneously when the pressure is re-adapted to supersaturation (I)
where initially no reaction was observed. The absence of induction after the partial conversion
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Figure 5.4: Example of an equilibrium (a) and kinetic (b) measurement for construction of
pressure-temperature phase diagrams. (a): Equilibrium pressures of CuCl2 · 2 H2O, equilibra-
tion time: 2 hours. (b): Heating and cooling of CuCl2 · 2 H2O at water vapour pressure p = 7,

10 and 12 mbar. Heating /cooling rate 0.1 K/min.

Figure 5.5: (a): Phase diagram indicating T=44 ◦C and p=12 mbar. (b): Thermogram of
CuCl2 at the conditions in (a). Supersaturation is created at point A by applying p = 12 mbar

at 44 ◦C after 20 minutes of dehydration using dry air (p = 0 mbar) at 120 ◦C.

points towards a nucleation barrier below the critical pressure. Other possible rate-limiting
processes, like e.g. diffusion or surface reorganisation, do not explain the observation in Fig.
5.6.

The critical pressure found in isobaric cooling experiments (dashed line in Fig. 5.7a, c)
was compared with isothermal induction time experiments as a function of the supersaturation
(Fig. 5.7b, d). The induction time increases exponentially close to equilibrium and is on the
order of minutes at the metastable zone boundary. The present findings support the idea of a
nucleation event during the induction period, where p∗ is the metastable zone boundary.
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Figure 5.6: (a): Phase diagram indicating T=36 ◦C and p=6 and 6.8 mbar. (b): Thermogram
of CuCl2 showing the hydration progress at the conditions in (a).

5.4.2.1 Nucleation

Based on the surface to volume consideration of a cluster of a hydrated salt unit, the induction
time τ is expected to have the following relation with respect to the supersaturation p/peq:

ln(τ−1) = ln
(κ
c

)
− λ · 1

[ln(p/peq)]n
(5.6)

with n = 1 and 2 for 2D and 3D nucleation respectively, κ [s−1] the so-called kinetic
parameter (not further elaborated), c[-] is a constant and λ [-] is the thermodynamic parameter,
which contains the interfacial surface energy γ and relates to the energy barrier for nucleation:

λ2D =
hπvγ2

(kT )2(b− a)
(5.7)

and

λ3D =
ηπv2γ3

(kT )3(b− a)2
. (5.8)

Fig. 5.8 shows the linear fit according to Equation (5.6) for hydration experiments of CuCl2
and K2CO3. The experimental fit is in accordance with both a 2D and 3D nucleation model.
Fig. 5.9 shows the interfacial energy as a function of temperature, assumed to be isotropic and
determined using the slopes in figure 5.8.

The γ-value is in both hydration experiments 10-15 mJ/m2 when a spherical (3D) geometry
is assumed and amounts 20-25 mJ/m2 in the assumption of a disc (2D) geometry. Comparable
γ-values were found for the interfacial energies of salt/solution interfaces, e.g. Na2CO3, KI
and Ni(NH4)2(SO4)2 · 6 H2O[63, 133, 134]. A decrease of the interfacial energy with increasing
temperature is expected based on literature[133] and CuCl2 shows an anomaly in this respect
at 44 ◦C. It is noteworthy that the γ-values in this study are significantly lower than typical
interfacial energies of liquid-gas or solid-gas interfaces[135].
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Figure 5.7: (a), (c): Phase diagrams of CuCl2 and K2CO3 showing the metastable zone based
on isobaric cooling experiments in TGA. The metastable zone is hatched. (b), (d): Induction
times of CuCl2 and K2CO3 respectively plotted against the driving force p/peq in isothermal

experiments.

Finally, the critically sized cluster was evaluated as a function of supersaturation, shown
in Fig. 5.10. At the critical pressure (i.e., the metastable zone boundary), the critically sized
cluster is one to several salt units and the corresponding free energy of nucleation is ∆G∗ is
5-20 kJ/mol. It should be noted that the critical cluster size based on the induction time is
a thermodynamic quantity and does not reveal any detail about e.g. the reversibility of the
surface absorption or the chemical reaction in the bulk.

At supersaturations > 3, the nucleus size decreases at some temperatures below one water-
salt unit, which cannot be interpreted on the basis of the classical nucleus formation. The
corresponding nucleation barrier ∆G∗ is circa 2.7 kJ/mol (which is the thermal energy at 50
◦C). In other words, the available thermal energy at this supersaturation is sufficient for a
continuous conversion irrespective of the nucleus.
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Figure 5.8: Dependence of the induction time on the supersaturation degree. Linear fit
according to 2D nucleation (a, b) and 3D nucleation (c, d). Samples and temperatures are

indicated in the legends.

5.4.2.2 Growth

To investigate the relation between nucleation and growth, isothermal conversion rates at 40 ◦C
for K2CO3 were plotted as a function of the supersaturation (Fig. 5.11a, b). The conversion
rate was also plotted as a function of the inverse of the preceding induction time (5.11c).

The rate of conversion increases monotonically with the supersaturation: the near-equilibrium
hydration rate starts low at 10−4 mol H2O/ mol K2CO3 · min and increases rapidly at the
metastable zone boundary to 10−2 mol H2O/ mol K2CO3 · min (Fig. 5.11b). Fig. 5.11c shows
that below the metastable zone boundary, the conversion is proportional to the nucleation rate:
nucleation seems to limit the overall conversion in the metastable region.

Fig. 5.12 shows the change in Gibbs free energy as a function of cluster size at different
supersaturations, scaled with respect to the thermal energy kBT . As expected from the limited
conversion rate, the nucleation barrier in the metastable zone is significantly higher than the
available thermal energy and reaches the order of the thermal energy at the critical supersatura-
tion p∗/peq ∼ 2.7. Above p∗, the conversion rate is linear with the supersaturation with typical
values of 10−1 mol H2O/ mol K2CO3 · min.
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Figure 5.9: Interfacial energies γ obtained after fitting the induction time against supersat-
uration according to a 2D disc and 3D hemisphere nucleation model. CuCl2 (squares) and

K2CO3 (circles).

5.4.3 Dissolution of the metastable phase

In this section, the present results on nucleation and growth are viewed in light of literature.
In a recent study by Steiger et al., it was reported for the hydration of MgSO4 ·H2O (phase
α) to MgSO4 · 6 H2O (phase β) that the mechanism and kinetics of hydration depend on the
climatic conditions (T and RH)[49, 51]. It was concluded that above the thermodynamically
predicted deliquescence humidity of phase α, the hydration kinetics is fast as hydration occurs
via a solution-mediated mechanism, whilst below the calculated deliquescence humidity, the
hydration proceeds extremely slow as it has to involve a solid-state reaction. The authors
further mentioned that hydration via the solid-state reaction is kinetically hindered.

Since no direct measurements of the deliquescence pressure are available for the α-phases,
these pressures were calculated at room temperature for a ’slow hydrating’ salt (K2CO3) and
a ’fast hydrating’ salt (MgCl2 · 4 H2O). This calculation requires the knowledge of the solubil-
ity products of the respective phases and the ability to calculate the activity coefficients and
water activities in their saturated solutions. Solubility products can be calculated from the
solubility products of the respective β-phases and the equilibrium pressures of their hydration
transitions[136]. The ion interaction (Pitzer) model[137] was used to calculate activities. For
details of the calculations the reader is referred to the supporting information of reference [62].
The deliquescence pressures of K2CO3 and MgCl2 · 4 H2O were compared with their critical pres-
sure p∗ at which instantaneous hydration occurs. The result is included in the phase diagram
in Fig. 5.13.

Fig. 5.13 shows that for K2CO3 and MgCl2 · 4 H2O the calculated deliquescence pressure
(point 3) is roughly 2 times higher than the pressure needed for spontaneous hydration, i.e.
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Figure 5.10: (a): The nucleus size as a function of supersaturation for K2CO3 (solid lines)
and CuCl2 (dashed lines). The average critical pressure is indicated by the vertical lines. (b):
The Gibbs free energy for nucleation as a function of supersaturation. A nucleus size below
one water-salt unit cannot be interpreted on the basis of the classical nucleus formation and is

rather a stage with continuous conversion, irrespective of the nucleus size.



Chapter 5 Understanding the hydration of salts: The impact of a nucleation barrier 69

1 2 3 4 5
0.00

0.04

0.08

0.12

0.16

ra
te

 (m
ol

 H
2O

 / 
m

ol
e 

K 2
C

O
3.  m

in
)

p/peq
(a)

1.0 1.5 2.0 2.5 3.0
1E-5

1E-4

0.001

0.01

0.1

(b)

0.00

0.02

0.04

0.06

0.08

0.10

0.0 0.5 1.0 1.5 2.0 2.5

3.0

2.6

2.3

1.9

t-1 (s-1)

ra
te

 (m
ol

 H
2O

 / 
m

ol
e 

K 2
C

O
3. m

in
)

10-3

(c)

Figure 5.11: (a): Rate of hydration as a function of supersaturation p/peq for K2CO3. Mea-
surements with noticeable induction times are shown by solid symbols, measurements with
instantaneous conversion (i.e. no significant induction time) are shown by open symbols. The
metastable zone is hatched. (b): Log-scale plot of the boxed region. (c): The conversion rate
plotted against the induction time. The corresponding supersaturations are indicated as labels.
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Figure 5.12: The change of Gibbs free energy for nucleation at different supersaturations as
a function of the cluster size for hemi-sphere shaped (3D) nucleus.

hydration without induction time (point 2). Indeed, no macroscopic liquefaction was observed
during the hydration experiments. We conclude that the observed metastable zone boundary
at p/peq ∼ 2.5 for K2CO3 is not the pressure for bulk dissolution of the metastable phase since
deliquescence is expected at p/peq > 8. However, a wetting layer below the deliquescence point
of the metastable phase is expected[138, 139] and should be considered when interpreting the
induction period and metastable zone.

The wetting layer is expected to be an inherently present layer of water and ions which
interacts with the ionic surface at low vapour pressures equivalent to the water monolayer
regime, as a result of the strong water-cation interaction[140]. The thickness and mobility of
this wetting layer increases with increasing vapour pressure. That is, a correlation between the
deliquescence pressure pd and the wetting layer mobility at p < pd. Around the critical pressure
p∗ (where noticeable conversion rates start) the surface wetting layer is expected to be thick and
any depositing water molecule is expected to lead to conversion. In view of classical nucleation,
the wetting layer is a part of the pre-exponential factor κ (i.e. not influencing the energy barrier
∆G∗) in the rate equation.

The small metastable zone in MgCl2 · 4 H2O is explained by the correlation between the
deliquescence pressure pd and the film mobility at p < pd. The deliquescence at room tempera-
ture of MgCl2 · 4 H2O (2.61 mbar) is at lower water activity compared to K2CO3 (6.02 mbar).
I.e., the film mobility of MgCl2 · 4 H2O is high with respect to K2CO3 at the equilibrium pres-
sure peq (point 1), which is roughly the same for MgCl2 · 4 H2O and K2CO3: 0.93 mbar and 0.71
respectively. As a result, the conversion of MgCl2 · 4 H2O is, for a similar energy barrier ∆G∗,
still higher than the conversion of K2CO3 due to the surface mobility.

The generic hydration process is summarised schematically in Fig. 5.14. The interfacial
energy γ relates to the mobile salt-solution interface. The interface is expected to be more thick
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Figure 5.13: Phase diagrams of K2CO3 (a) and MgCl2 (b). At 25 ◦C the following tran-
sitions are indicated: hydration transition at equilibrium (1), instantaneous conversion (i.e.
critical pressure p∗) (2), deliquescence of phase α - calculated via the Pitzer equation (3) and

deliquescence of phase β (4), adapted from literature and included for completeness[59].
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Figure 5.14: Schematic illustration of the hydration process of a primary crystallite of phase
α. The hydration can be regarded as a solid-solid phase transition from phase α to phase β

aided by a wetting layer.

and mobile when the pressure approaches the thermodynamic deliquescence pressure of phase
α.

5.5 Impact on thermochemical heat storage

In this section, the heat storage performance of the studied compounds is evaluated, based on
the discovered metastable zone characteristics.

The atmospheric flow conditions in TGA resemble an open reactor system (open system)[29].
As a comparative analysis of thermochemical performance, the lab scale temperature and power
output of the four investigated salts are listed. Fig. 5.15 shows the power output as a function
of the salt temperature at a working pressure of p=10 mbar, when the sample is cooled with a
rate of 0.1 K/min.

Table 5.2 is an overview of the temperature and power output of each salt. Although the
operation temperature in equilibrium is expected at circa 60 ◦C (48 ◦C for CuCl2), the power-
temperature characteristic is different for each salt as a result of the water mobility-related
nucleation and growth.

For CuCl2 and K2CO3 the metastable zone leads in open reactor conditions to a negli-
gible power output at near-equilibrium pressures and decreases the temperature of maximum
power output significantly with respect to the equilibrium temperature. I.e., the output tem-
perature and working pressure of a thermochemical salt are limited by its MZW rather than its
equilibrium phase diagram.

In order to have a sufficient power output at near-equilibrium temperatures, a crystallite
should have nuclei which are able to grow. The crystallite can be triggered by nucleation at
e.g. a vapour pressure above the metastable zone, followed by hydration at higher temperature
inside the metastable zone (i.e., a pre-nucleation). Another possibility is to maintain nucleation
sites (via operation by partial dehydration or e.g. the addition of heterogeneous nucleation
sites). It should also be noted that growth requires, besides nuclei, the transport of water to
the hydrated crystallite. I.e., the surface mobility of water molecules is an important factor for
power output besides the nucleus density and deserves further study.
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Figure 5.15: Power output against temperature for the studied thermochemical salts. Hydra-
tion was performed at p=10 mbar with a cooling rate of 0.1 K/min.

Table 5.2: Overview of the temperature and power output at p=10 mbar. The MZW is the
difference between the onset temperature in TGA and the equilibrium temperature

Salt Tequilibrium Tonset,TGA TPmax Pmax MZW
◦C (± 0.5) W/g K

CuCl2 48 39 35 250 9
K2CO3 59 46 40 201 13
MgCl2 · 4 H2O 59 57 53 250 2
LiCl 60 59 56 460 1

Finally, we note that the MZW depends on reactor aspects such as atmosphere, flow speed
and system size. Therefore, the actual impact of the MZW on reactor performance should be
investigated under reactor conditions. Further research should address the MZW in vacuum
conditions (closed system).
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5.6 Conclusion

In this work, the hydration of four thermochemical salts (CuCl2, K2CO3, MgCl2 · 4 H2O and
LiCl) has been studied. By combining equilibrium and non-equilibrium hydration experiments,
phase diagrams as a function of vapour pressure and temperature were obtained and induction
time studies as a function of supersaturation could be performed.

On the one hand, it is demonstrated for CuCl2 and K2CO3 that the near-equilibrium
region involves a metastable zone which can be described by classical homogeneous nucleation
theory. On the other hand, it is demonstrated that MgCl2 · 4 H2O and LiCl hydrate at near
equilibrium conditions. It is further shown for K2CO3 (metastable) and MgCl2 · 4 H2O (not
metastable) through solubility calculations using the Pitzer ion model that the phase transition
is not mediated by bulk dissolution.

The hydration is envisioned as a solid-solid phase transition, which proceeds through a
mobile phase in which nucleation of the new crystalline phase takes place. The mobile phase is a
wetting layer, of which the mobility increases with increasing vapour pressure. At the metastable
boundary (where noticeable conversion rates start) instantaneous nucleation is expected.

In view of heat storage application, the finding of metastability in thermochemical salts
reveals the impact of nucleation and growth processes on the thermochemical performance. It
demonstrates that the output temperature and power of a thermochemical salt in atmospheric
flow conditions (open system) are limited by its metastable zone width (MZW) rather than
its equilibrium phase diagram. Further study should address the MZW in vacuum conditions
(closed system). Manipulation of the MZW of salt hydrates by e.g. pre-nucleation or hetero-
geneous nucleation is a potential way to raise the output temperature and power on material
level in thermochemical applications.
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Hydration of salts as a two-step
process:
Water adsorption and hydrate
formation

Abstract

For a high performance in thermo-
chemical heat storage, the thermochem-
ical reaction must take place as close
as possible to the equilibrium, while en-
suring sufficient reaction rates. In this
work, we studied the near-equilibrium
hydration kinetics of salts and proposed
a two-step mechanism for the hydration,
consisting of (1): adsorption of water
vapour and dissolution of ions from the
initial phase (a wetting film) and (2):
formation of the hydrate crystal. The
two steps are assumed to be in momen-
tarious balance during the hydration process. As a result, nucleation is rate limiting at low super-
saturations (inside the metastable zone), and water diffusion to the wetting film is rate limiting
at high supersaturations (outside the metastable zone). We have seen that the vapour pressure
of the wetting film stabilises at the metastable zone boundary p∗. The driving force for hydration
outside the metastable zone is therefore the pressure difference between the atmospheric vapour
pressure and the vapour pressure of the wetting film, p − p∗. As expected, the diffusion limited
process at high supersaturations hardly depends on the temperature, but mainly on the pressure
difference. Experimental data were found consistent with models of nucleation/growth inside the
metastable zone. Models outside the metastable zone suggest a reaction interface which does not
contract throughout the conversion. It is further shown that the diffusion limited process can be
characterised with an apparent activation energy. However, this apparent activation energy is
in fact the hydration enthalpy and does not refer to a real energy barrier.

This chapter will be published as: L. C. Sögütoglu, F. Birkelbach, A. Werner, H. P. Huinink, H. R.
Fischer and O. C. G. Adan. Hydration of salts as a two-step process: Water adsorption and hydrate formation.

75



76
Chapter 6 Hydration of salts as a two-step process:

Water adsorption and hydrate formation

6.1 Introduction

Thermochemical heat storage is a proven concept for compact domestic heat storage and is
based on the reversible reaction of the solid thermochemical material and a gas. Heat can
be stored virtually loss-free in the absence of the gas and can be extracted at domestic usage
temperatures, typically between 30 – 70 ◦C[13].

Recently, K2CO3 was identified as one of the most promising salt hydrates for thermo-
chemical heat storage[29]. The salt has a reversible reaction from anhydrous to sesquihydrate:

K2CO3(s) + 1.5 H2O(g) −−⇀↽−− K2CO3 · 1.5 H2O(s) . (6.1)

The anhydrous phase is referred to as α and the sesquihydrate is referred to as β. The reaction
is in equilibrium at 59 ◦C at a partial water vapour pressure p of 12 mbar. That is, the material
could in principle deliver a temperature of 59 ◦C when exposed to water vapour of 12 mbar
(which corresponds to the saturation pressure at 10 ◦C, a typical water temperature in winter
in Western Europe[13]). However, the reaction rate is inhibited above 43 ◦C[52, 62].

The performance of a thermochemical material is defined by temperature and reaction rate.
The discharge (hydration) temperature should be as high as possible. The temperature required
for charging (dehydration) is desired to be as low as possible. The temperatures during charging
and discharging are limited by the reaction equilibrium. For a high performance, therefore, the
storage must be operated as close as possible to the equilibrium, while ensuring sufficient reaction
rates. Thus, knowledge of the reaction kinetics in close vicinity of the equilibrium is required
to design an efficient heat battery.

The conversion rate of many salts is typically inhibited at vapour pressures close to
equilibrium[49, 51, 62]. Recently, the near-equilibrium zone was framed as a metastable zone
(MZ) where nucleation and growth processes play a role. It was hypothesised that the hydration
proceeds through a wetting layer, that is, a mobile wetting film with water and ions from which
the new phase can crystallise[62].

In this chapter, a generic hydration mechanism is proposed for salts, based on which we
formulate the rate-limiting step in the hydration process. We evaluate our hypothesis using
an independent tool, non-parametric kinetic analysis, as described by Birkelbach[141]. Two
different driving forces are considered in order to test our assumptions about the rate-limiting
step in the hydration process.

6.2 Materials and methods

K2CO3 · 1.5 H2O (pro analysis) was purchased from Sigma-Aldrich. CuCl2 · 2 H2O, MgCl2 · 6 H2O
and LiCl (pro analysis) were purchased from Merck. Salts were sieved to 50–164 μm size fraction
and used without any further purification.

TGA was performed under air flow (500 mL/min) using a TGA of type TGA851e. Details
about the equipment can be found in section 3.2. Approximately 5 mg of the hydrated salt was
placed in a 40 μL Mettler-Toledo standard aluminium pan without lid. For reproducibility check,
isothermal-isobaric hydration experiments were performed on three batches of K2CO3 · 1.5 H2O.
The experiment was performed at the following temperatures: T = 40, 50 and 58 ◦C (batch 1)
and T = 25, 40 and 50 ◦C (batches 2, 3) at vapour pressures between 4–20 mbar.
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A typical hydration experiment is shown in Fig. 6.1. The p-T -conditions of the experiments
are indicated by the bullets in the phase diagram in Fig. 6.1a. The sample was prepared in
anhydrous phase (K2CO3) by drying at p = 0 mbar and T = 115 ◦C. After the drying step,
the temperature is changed to the hydration temperature, T = 58 ◦C. When the temperature is
stable at 58 ◦C, the hydration pressure (20 mbar) is applied to start hydration. Fig. 6.1b shows
that a relatively short induction period passes after applying the hydration pressure, point (1).
Hydration starts at point (2) and the hydration rate typically reaches a maximum after half
conversion, point (3).
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Figure 6.1: (a): p-T -phase diagram of K2CO3 indicating the experimental conditions (indi-
cated by the bullets) in isothermal-isobaric experiments. The metastable zone is hatched. (b):
Example of a hydration experiment, conditions shown by the arrows in (a). The sample dehy-
drated at T = 115 ◦C and p = 0 mbar. Afterwards, the temperature is changed to T = 58 ◦C
. Next, the pressure is adapted to p = 20 mbar -point (1)- to induce hydration. The hydration

onset (2) and maximum rate of conversion (3) are indicated.
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6.3 Current view on the hydration process

6.3.1 Phase behaviour of salt hydrates

The hydration of a salt involves a complex solid-solid phase transition, where the starting lattice
of the α-phase reorganises to the more stable lattice of the β-phase by incorporation of fluid
water. The generic equilibrium reaction is

MX · aH2O (s) + (b− a) H2O(g) −−⇀↽−− MX · bH2O (s), (6.2)

where MX · aH2O represents the lower hydrated phase α, MX · bH2O represents the higher hy-
drated phase β and (b− a) is the stoichiometric coefficient of the water.

From a thermodynamic perspective this reaction is characterised by the reaction Gibbs
free energy

∆G = ∆H0 − T∆S0 = RT ln
peq

p0
, (6.3)

where ∆H0 [J/mol] is the reaction enthalpy per mole water in standard conditions, T [K] is the
absolute temperature, ∆S0 [J/mol K] is the reaction entropy per mole water in standard condi-
tions, R [J/mol K] is the gas constant, peq [Pa] is the partial pressure of vapour in equilibrium
with the salt and p0 = 105 Pa is the standard pressure.

The water vapour pressure at which the gaseous phase and the condensed phase are in
equilibrium, peq [Pa], is then described by the following thermodynamic relation:

peq = p0 exp
(
−∆S0/R

)
exp

(
∆H0/RT

)
. (6.4)

There is a thermodynamic driving force for hydration if p>peq. I.e., when p>peq, the β
phase is thermodynamically more stable than the α phase. Water uptake will take place and
β will be formed. At p<peq the opposite holds. The phase behaviour is given in the phase
diagram in Fig. 6.2. The β-phase is stable until it dissolves as a result of a second transition,
called deliquescence. At the deliquescence point, pdel, the β-phase forms an aqueous solution
by further water uptake.

Reaction 6.2 does not always start instantaneously at water vapour pressures p>peq. This
is because nucleation of the new phase can form a barrier for the hydration transition. The
initial stage of a phase transition, in which small nuclei of the new phase are formed is called
nucleation. If nucleation proceeds very slowly, the old phase is said to be metastable. The upper
dashed line (the metastable zone boundary) in Fig. 6.2 marks the limit of the metastable zone:
above that line, the α-phase is unstable. The metastable zone boundary (MZB) is indicated by
p∗. Note that the β-phase is also metastable (lower dashed line).

6.3.2 The proposed mechanism of hydration

Building on the current view of hydration, here we hypothesise the mechanism of hydration
as a two-step process. The hypothesis is schematically illustrated in Fig. 6.3. The cartoon
is simplified in the sense that it suggests nuclei of the crystalline β phase in a wetting layer.
However, it is more likely that there is no real α and β phase in proximity of the mobile wetting
film, but rather a disordered cluster of ions and water, resembling the final crystalline β phase.
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Figure 6.2: Experimental phase diagram of K2CO3. The following transition lines are indi-
cated: deliquescence pressure of K2CO3 · 1.5 H2O pdel (dotted line); metastable zone bound-
ary p∗ (dashed lines); hydration equilibrium pressure peq (solid line). The region where
K2CO3 · 1.5 H2O is stable is shown in solid grey. The region where K2CO3 is stable is hatched.

The two steps in the hydration process are (1): adsorption of water and dissolution of ions from
the original phase followed by (2): formation of the new crystalline hydrated phase.

The basic driving force for process (1), adsorption onto the wetting layer, is the difference
between the chemical potential of water vapour in the air µ and the chemical potential of water
vapour in equilibrium with the wetting film µf . Since the chemical potential can be described
in terms of the vapour pressure p at low vapour pressures

∆µ(1) = µ− µf = RT ln(p/pf ), (6.5)

where p and pf are the partial pressures of water vapour in the air and of water vapour in
equilibrium with the wetting film respectively.

The driving force for process (2), incorporation of water from wetting film into the hydrate
crystal, is the difference between the chemical potential of water vapour in equilibrium with the
wetting film µf and the chemical potential of water vapour in equilibrium with the hydrate µeq,

∆µ(2) = µf − µeq = RT ln(pf/peq), (6.6)

where peq is the partial pressure of water vapour in equilibrium with hydrate crystal.
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Figure 6.3: Cartoon of the two-step hydration process. (1) Adsorption of water and dissolution
of ions from the original phase α. (2) Formation of the new crystalline hydrated phase β. p
is the partial pressure of the water vapour in the atmosphere, pf is the vapour pressure of
water in equilibrium with the wetting film (hatched) and peq is the vapour pressure of water in
equilibrium with the hydrate. The boundary layer thickness between atmosphere and wetting

film is indicated with d.

We will address the rate of the two processes in terms of the vapour pressure of the film,
pf . After that, we will discuss the rate limiting step based on the steady-state approximation.

The rate of water adsorption onto the film is linearly proportional to the pressure difference,
according to Fick’s law. Fick’s law follows by using the gradient of the chemical potential of
water vapour ∂µ

∂x with 0<x<d:

J(1) =
D

dRT
(p− pf ) , (6.7)

where, D [m2/s] is the diffusion constant and d [m] is the boundary layer thickness. The
resulting rate dependency as a function of pf is schematically plotted in Fig. 6.4a. At p = pf ,
the adsorption rate is zero. This is illustrated for five different pressures p, from low (1) to high
(5) vapour pressure p.

The rate of actual water incorporation as a function of pf is shown in Fig. 6.4b. Earlier
work indicates that this is subjected to a nucleation barrier[62] as a result of favourable bulk
and disfavourable surface contributions of the nucleus. Therefore, the pressure dependency of
the rate is described by the nucleation rate:

J(2) =
κ

c
exp

( −λ
ln2 p/peq

)
, (6.8)

with κ [s−1] a kinetic parameter, λ [-] a thermodynamic parameter, and c[-] a constant[62]. At
pf = peq, there is virtually no nucleation. When the vapour pressure of the film approaches
the critical pressure p∗, the nucleation rate increases drastically. That means, when pf = p∗,
hydrate formation rapidly increases as nucleation is no longer inhibiting the process.

The steady-state situation between water adsorption and water incorporation is drawn in
Fig. 6.4c where the rate of conversion J is visualised by the intersections between the two rates
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Figure 6.4: (a): The adsorption rate J(1) as a function of the film vapour pressure pf . (b):
The hydrate formation rate J(2) as a function of the film vapour pressure pf . (c): Steady-
state situation where intersections represent adsorption of water molecules in balance with
incorporation of water molecules. In the metastable zone (MZ), the conversion rate is dictated by
the nucleation rate (intersections indicated with crosses). Above the metastable zone boundary
(p∗), the conversion rate is dictated by the adsorption rate (intersections indicated with circles).

J(1) and J(2). It is visible that inside the MZ, the conversion rate J is limited by the nucleation
rate, J(2). Outside the MZ, the conversion rate is limited by the adsorption rate, J(1). As can
be seen in Fig. 6.4c, the vapour pressure of the film pf stabilises at p∗ outside the metastable
zone (p>p∗), because of the drastic increase of the nucleation rate at the critical pressure p∗.
The rate outside the metastable zone is therefore

J(1) =
D

dRT
(p− p∗) . (6.9)

6.4 Non-parametric kinetic analysis

6.4.1 Relevant kinetic models

A nucleation limitation or diffusion limitation typically influences the conversion dependency of
a reaction. A conversion dependency plot provides information about the advancement of the
reaction front inside the particles. Typical shapes have been derived for nucleation, (A), reaction
interface (R) and diffusion through the product layer (D) (see [142] for an extensive review).
By comparing the experimental conversion dependency with the theoretically derived reaction
models, we are able to evaluate our hypothesis of nucleation and vapour diffusion limitation.

In case of (A), a nucleation and growth limited process (Fig. 6.5a), the initial conversion
rate is slow due to the time required for a significant number of nuclei of the new phase to form
and begin growing. During the intermediate period the transformation is rapid as the nuclei
grow into particles and consume the old phase while nuclei continue to form in the remaining
parent phase. Once the transformation is almost complete, there remains little α phase material
for further nucleation and the production of β particles begins to slow. Additionally, the β phase
particles begin to touch one another, forming a boundary where growth stops. The well-known
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Avrami equations[143, 144] describe the three cases of 1D, 2D and 3D nucleation, coded as A1,
A2 and A3 respectively in this work.

For (R), a reaction interface limitation (Fig. 6.5b), the initial conversion rate is high, be-
cause there is initially maximum interface to react. When the interface contracts due to inwards
advancement of the reaction interface, less surface is available to react and the production of
new β phase slows down. Also the reaction interface has dimensionality, coded as R1, R2 and
R3.

When (D), diffusion though the product layer is rate-limiting, the initial conversion rate is
high, because there is initially no product layer, which forms a barrier for diffusion of reactants.
The conversion rate rapidly decreases with the build-up of product and typically stagnates
when the transformation is almost complete, because a thick product layer inhibits the supply
of reactants. The dimensionality of the product layer is referred to as D1, D2, D3 and D4.
It should be noted that diffusion through the product layer is about diffusion of the reactants
through the solid product, i.e., water or ions in this case. In the proposed mechanism of
hydration, diffusion from to the reacting site is not necessarily though a product layer, but can
be through the atmosphere / cracks in the crystallite.

6.4.2 Algorithm

In order to compare our two-step hydration hypothesis with known kinetic models, we made
use of non-parametric kinetic analysis as described by Birkelbach et al.[145]

Due to the complexity of gas-solid reactions, it is not practical, if even possible, to model
all the individual processes taking place during the reaction. Issues range from collecting suffi-
cient data, distinguishing the effects in experimental data to finding the right models for each
process. As a solution, we use the common simplification to the single step approximation. It is
applicable, when one of the processes is significantly slower than all the other ones. Then this
process determines the overall rate of the reaction and it is referred to as the rate limiting step.

The single step approximation formula for gas-solid reactions is essentially a synthesis of
solid-state and homogeneous reaction rate models:

dα

dt
= f(α) k(T )h(p) . (6.10)

This rate formula is usually referred to as the General Kinetic Equation[146], where f(α) is the
effect of the advancement of the reaction front in the solid as a function of the conversion α, often
referred to as reaction model (Section 6.4.1). k(T ), is the effect of the absolute temperature
and h(p) is the driving force term as a function of the partial vapour pressure p[Pa].

The temperature dependency k(T ) is usually expressed by the Arrhenius equation,

k(T ) = A exp(−Ea/RT ) (6.11)

with A[-] the pre-exponential factor and Ea [J/mol] the apparent activation energy.

In this analysis, we model the effect of the vapour pressure as a function of the thermody-
namic driving force ∆G of the reaction

h(p, peq) = h (∆G) = h

(
ln

p

peq

)
. (6.12)
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Figure 6.5: Reaction models relevant to this work. The cartoons show a schematic illustration
of the start and end situation of a primary crystallite, with α the reactant phase and β the
product phase. The diagrams show typical shapes of isothermal isobaric reaction trajectories
where left: nucleation and growth rate is limiting, middle: The advancement of the reaction
interface is rate limiting, right: diffusion through the product layer is rate limiting. The

reaction model codings A(1-3,) R(1-3) and D(1-4)[142] are used in this work.

Since this equation is based on the assumption, that essentially a chemical reaction is limiting
the overall rate, the equation will be referred to as the chemical driving force.

If the rate limiting step is not the chemical reaction itself but diffusion from the gas bulk
to the wetting film, the effect of the vapour pressure is

h(p, pf ) = h

(
p− p∗

p0

)
. (6.13)

with p0 as an arbitrary reference pressure (here, we use the IUPAC standard pressure 105 Pa).
Here we used the critical pressure p∗ as the vapour pressure of the film (see Equation (6.9)).
This equation will be referred to as the diffusion driving force.

The tensor NPK method[141] which we use in this work, separates the effect of the con-
version, temperature and pressure on the reaction rate based on the General Kinetic Equation.
It is model-free, i.e., no assumption about the functional form of any effect is made beforehand.
Fig. 6.6 displays an illustration of the tensor NPK method, a typical conversion dependency
plot (Fig. 6.6b) and temperature dependency plot (Fig. 6.6c) is shown. It should be noted that
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𝑘 𝑇

Figure 6.6: Illustration of the tensor NPK method for a 2-D model. Experimental data (top
right) is separated into the contributions of the independent variables conversion dependency

f(α) (left) and temperature dependency k(T ) (bottom).

the pathway of the process f(α), the thermal activation of the process k(T ) and the driving
force of the process h(p) are assumed to be independent of each other.

6.5 Results and discussion

6.5.1 Conversion and temperature dependency

Hydration rates were obtained at constant driving force by performing experiments in isobaric,
isothermal conditions. Rates were measured below and above the metastable zone boundary
with p − p∗ between -5 and +15 mbar. The maximum hydration rate in isothermal-isobaric
conditions is plotted as a function of vapour pressure p (Fig. 6.7a). Here it is visible that the
rate is linearly depending on the vapour pressure. Furthermore, the rate increases at lower
temperatures. When the rate is plotted as a function of the diffusion driving force (Fig. 6.7b), a
linear relation is still visible and the rates seem temperature independent. When the dataset is
plotted against the chemical driving force (Fig. 6.7c) a clear temperature dependency is visible,
showing higher rates at higher temperature.

The data were analysed with the tensor NPK method using the chemical driving force
(Equation (6.12)) first. The conversion dependency (Fig. 6.8a) shows features of a nucleation/-
growth process. However, it shows a plateau(*) at medium conversion, which is not characteristic
of nucleation/growth. In order to have a comprehensive view on the conversion dependency, the
experiment was repeated under isobaric, non-isothermal conditions. For experimental details of
the isobaric experiment we refer to Appendix C. We found that the isobaric experiment agrees
well with the isobaric-isothermal experiment (Fig. 6.8b). In both experimental conditions, the
conversion dependency shows features of nucleation/growth (indicated by the arrow) and an
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Figure 6.7: Pressure dependencies of the maximum hydration rate in isothermal-isobaric
experiments. The maximum rate is plotted against (a): the partial water vapour pressure p,

(b): The diffusion driving force (p− p∗)/p0 and (c): The chemical driving force ln p/peq.
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Figure 6.8: Conversion dependency of the hydration reaction of K2CO3 according to the chem-
ical driving force. (a): Isobaric isothermal conditions, (b): Isobaric (non-isothermal) conditions.

A nucleation/growth (arrows) and reaction interface (*) model.

Figure 6.9: Temperature dependency of the hydration reaction of K2CO3 according to the
chemical driving force. (a): Isobaric isothermal conditions, (b): Isobaric (non-isothermal) con-

ditions.

anomal plateau (*), which indicates a reaction front. Therefore, no conclusive conversion de-
pendency can be assigned. It should be noted that diffusion through the product layer is ruled
out as reaction model on the basis of this analysis, since the experimental conversion dependency
does not match this model.

The underlying assumption of the chemical driving force is that the rate limiting step is
a chemical reaction with a single and constant energy barrier. Consequently, the temperature
dependency, shown in Fig. 6.9, is interpreted in terms of the Arrhenius equation (6.11). The
identified temperature dependency is well described by the equation and the apparent activation
energy is 62.1± 7.1 kJ/mol for the isobaric-isothermal experiment and 75.5± 6.4 kJ/mol for
the isobaric experiment. The identified apparent activation energies of various salts are gathered
in Table 6.1, for experimental details we refer to Appendix C. It is interesting that the value of
the apparent activation energy is in most of the cases similar to the hydration enthalpy.
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Table 6.1: Hydration enthalpies of the considered salts and apparent activation energies
identified in this work.

Salt ∆H0 Ea
(kJ/mol water) (kJ/mol water)

K2CO3 (isothermal, isobaric) 63.4 65.6 ± 18.2
67.4 ± 10.5
62.1 ± 7.1

K2CO3 (isobaric) 75.5 ± 6.4
CuCl2 (isobaric) 61.4 79.1 ± 10.2
LiCl (isobaric) 58.2 52.9 ± 4.3
MgCl2 · 4 H2O (isobaric) 56.9 52.1 ± 7.8

Figure 6.10: Conversion dependency of the hydration reaction of K2CO3 according to the
diffusion driving force. (a): Isobaric isothermal conditions, (b): Isobaric (non-isothermal) con-

ditions. A nucleation/growth (arrows) and reaction interface (*) model.

Using the same dataset, a kinetic model with the diffusion driving force (Equation (6.13))
was derived. The conversion dependency (Fig. 6.10) is once again identified as a reaction model
showing features of both nucleation/growth (indicated by arrows) and a reaction front (indicated
by the asterisk). Like in the first analysis, diffusion through the product layer is ruled out as
reaction model, since the experimental conversion dependency does not match this model.

The temperature dependency in the case of the diffusion driving force has a clear difference
with respect to the chemical driving force. There is no temperature dependency which can be
interpreted in terms of the Arrhenius equation (Fig. 6.11). As expected, a description based on
diffusion limitation mainly depends on the pressure difference and hardly on the temperature.

Lastly, for separate analysis of the hydration rate in the metastable zone, the isothermal-
isobaric dataset was split into data inside the MZ and data outside the MZ. The chemical driving
force is used to model the data in the MZ, the diffusion driving force is used to model the data
outside the MZ, in line with the two-step hypothesis; the resulting models are shown in Fig.
6.12 and 6.13.

In the metastable zone (Fig. 6.12a), the conversion dependency is in excellent agreement
with the 2-D nucleation-growth reaction model and yields an apparent activation energy of
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Figure 6.11: Temperature dependency of the hydration reaction of K2CO3 according to the
diffusion driving force. (a): Isobaric isothermal conditions, (b): Isobaric (non-isothermal) con-

ditions.

84.7± 20.4 kJ/mol (Fig. 6.13a). 2-D nucleation is likely, considering surface wetting of the
salt[57, 140], i.e., nuclei form at the surface of the primary crystallite and grow in the dimension
of wetting layer.

Outside the metastable zone (Fig. 6.12b), the plateau (*) in the conversion dependency
indicates that after circa 15 % conversion, a non-contracting reaction interface is likely. That is,
the reaction is not limited by the build-up of product layer or advancement of the reaction inter-
face. If this was the case, a dependency on the reaction coordinate would be observed, instead
of the plateau. Therefore, it is likely that hydration does not result in a sealed product layer on
the outer surface. Instead of the formation of a sealing product layer, migration and creeping
of the solid is more likely, introducing air-solid interface while the reaction proceeds[147]. That
is, migration of solid and surface roughening maintains the unhindered supply of water vapour
at medium conversion grades for K2CO3.1 Lastly, we note that outside the MZ in this analysis,
no conclusive temperature dependency was obtained (Fig. 6.13b) due to a limited number of
temperature data points.

6.5.2 Link between the chemical and the diffusion driving force

Reconsidering the outcome of the NPK analysis: Why does the chemical driving force ln p/peq

lead to a consistent model with clear activation energies (Figures 6.9 versus 6.11), when diffusion
should be the rate limiting step outside the MZ? Only one step can be rate limiting at a
time. As it turns out, the Arrhenius like temperature dependency is simply an artefact of the
reaction equilibrium. Consequently, the apparent activation energy in that analysis must not
be interpreted in terms of a classical energy barrier.

It can be shown, that there is a link between the chemical and the diffusion driving force.
By rearranging the General Kinetic Equation with the diffusion driving force in Equation (6.13),
one arrives at a similar functional form as the classic kinetic equation with the chemical driving
force in Equation (6.12):

1For other salts, the conversion dependency at high supersaturations shows no plateau. For details we refer
to Appendix C
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Figure 6.12: Conversion dependency of the hydration reaction of K2CO3 (a): according to the
chemical driving force inside the metastable zone - a 2D nucleation/growth model, (b): accord-
ing to the diffusion driving force outside the metastable zone - a nucleation/growth (arrows)

and reaction interface (*) model. Isobaric isothermal conditions.

Figure 6.13: Temperature dependency of the hydration reaction of K2CO3 (a): according to
the chemical driving force inside the metastable zone, (b): according to the diffusion driving

force outside the metastable zone. Isobaric isothermal conditions.

dα

dt
= f(α)C

p− p∗

p0
= f(α)C

peq

p0

[
p

peq
− p∗

peq

]
(6.14)

where C [-] is a constant. When we make use of Equation (6.4) to substitute
peq
p0

,

dα

dt
= f(α)C exp

(
∆S0

R

)
exp

(
−∆H0

RT

)
h(p, peq) (6.15)

and compare the result with the Arrhenius rate equation (6.11), one discovers the similarity:

dα

dt
= f(α)A exp

(
− Ea
RT

)
h(p, peq) (6.16)
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In other words, if the rate limiting step is diffusion to the wetting layer and the classical
kinetic model in Equation (6.16) is used to model the kinetics, one will still find an Arrhenius-
like temperature dependency. Only, the apparent activation energy would not be related to
the energy barrier, but simply to the enthalpy of the reaction, that is, Ea → ∆H0. A typical
example of this artefact can be seen in[148].

6.6 Conclusion

In this work, we hypothesised a two-step mechanism for hydration, which includes (1) water
adsorption and ion dissolution (a wetting film on the salt), and (2) hydrate crystallisation. The
two steps are assumed to be in momentarious balance during the hydration process. Based
on this, nucleation is rate limiting at low supersaturations (inside the metastable zone) and
diffusion to the wetting layer is rate limiting at high supersaturations (outside the metastable
zone). We have seen that the vapour pressure of the wetting film stabilises at the metastable
zone boundary p∗. The driving force for hydration outside the metastable zone is then the
pressure difference between the atmospheric vapour pressure and the vapour pressure of the
wetting film, p− p∗.

The two-step reaction mechanism is in agreement with kinetic models, obtained using non-
parametric kinetic (NPK) analysis on isothermal-isobaric data. Two different driving forces
were considered: the chemical driving force, which assumes that the chemical reaction is rate
limiting and the diffusion driving force, which assumes that diffusion to the reaction front is
rate limiting.

NPK analysis shows nucleation and growth as the only probable hydration mechanism
inside the metastable zone. Outside the metastable zone (at high supersaturations), after circa
15 % conversion, a non-contracting reaction interface is likely. That is, the reaction of K2CO3

is not limited by the build-up of product layer or advancement of the reaction interface. The
model shows rather an unhindered reaction progress at medium conversion grades, probably as
a result of migration of solid and surface roughening during the hydration.

Interestingly, the kinetics of hydration can be modelled both with the chemical and the
diffusion driving force. It could be shown, that even if diffusion is rate limiting (outside the
metastable zone), an Arrhenius like temperature dependency can be observed. In this case the
apparent activation energy is equal to the hydration enthalpy per mole water and must not be
interpreted as an energy barrier — it is an artefact of the reaction equilibrium.





Chapter 7

In-depth investigation of
thermochemical performance in a
heat battery:
Cyclic analysis of K2CO3, MgCl2
and Na2S

Abstract

Thermochemical materials K2CO3,
MgCl2 and Na2S have been investi-
gated in depth on chemical stability,
energy density and power output in
view of domestic heat storage applica-
tion, presenting a critical assessment
of potential chemical side reactions in
an open and closed reactor concept.
Based on thermal analysis in open and
close reactor conditions, CO2 adsorp-
tion is found to accompany hydration
of K2CO3, without effecting the thermo-
chemical performance significantly. The material level energy density is 1.28 GJ/m3 in an open
system and 0.95 GJ/m3 in a closed system. Na2S has a superior energy density in a closed
system (2.81 GJ/m3). However, it is not suitable for use in an open reactor due to its CO2

sensitivity, degrading fully in four cycles. MgCl2 is found not suitable in both open and closed
reactor concept, because of complete degradation of the compound in approximately 30 cycles.
K2CO3 is recommended for both an open and closed system heat battery, noting that the char-
acteristic discharge temperature of 45 ◦C is too low for generation of hot tap water, but suffices
domestic space heating purposes.

This chapter has been published as: L. C. Sögütoglu, P. A. J. Donkers, H. R. Fischer, H. P. Huinink, O.
C. G. Adan. In-depth investigation of thermochemical performance in a heat battery: Cyclic analysis of K2CO3,
MgCl2 and Na2S. Applied Energy, 215, 159–173, 2018.
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7.1 Introduction

For a feasible energy density of a thermochemical heat battery, the material energy density
of the TCM should be high. Furthermore, the TCM should be operated in multi-cyclic way
over the year rather than seasonally. Based on these considerations, K2CO3 was chosen as a
promising TCM in chapter 4, with the note that salts such as Na2S and MgCl2 have a higher
energy density but potential shortcomings in multi-cyclic stability.

In recent heat battery projects like MERITS (2007-2013) and E-HUB (2010-2014) ther-
mochemical materials Na2S and MgCl2 were used, with an average cost of 180 and 650 e/ m3

respectively on material level[13, 30, 46]. Although MgCl2 was found promising for domestic
space heating and hot tap water purposes, later studies of MgCl2 showed that the compound
might be less promising due to chemical degradation with HCl formation inside the reactor[120].
For Na2S on the other hand, no calorimetric verification of the effective heat output in heat bat-
tery application has been reported so far, but it is known that the material can degrade under
formation of gaseous H2S[75, 104]. The stability of the TCM should therefore be considered in
view of the service life duration. The rate of chemical decomposition will eventually determine
whether the thermochemical material has a service life duration with sufficient energy density.

The goal of this chapter is to present the chemical stability of promising TCMs in exper-
imental conditions resembling an open and closed reactor system. In this work, we present an
in-depth study of the thermochemical performance of K2CO3, MgCl2 and Na2S, testing the
chemical stability of the heat storage materials. Calorimetric heat in- and output is studied
in cyclic way, concluding with a material recommendation for thermochemical heat storage
application in the built environment.

7.2 System definition, energy density and hydration tempera-
ture

The open and closed reactor concepts as discussed in chapter 4 are used as basis for the study
of the chemical stability. The system operates in Western European conditions, with a typical
water vapour pressure of 12 mbar. This pressure is often used as guideline in present heat storage
research projects[30, 93], but can be lower or higher, depending on the exact temperature of the
water source. In simplistic view, the water source acts as a humidifier with a constant vapour
pressure of 12 mbar during discharging in winter and as a condensor during charging in summer
at typical water temperatures of 17 ◦C (corresponding to a constant vapour pressure 20 mbar).

An open system is in open connection with the atmosphere, which makes chemical degrada-
tion due to reactive gasses other than H2O possible. The water source of the open system is not a
part of the reactor. The TCM energy density in an open system for the generic thermochemical
reaction

MX · aH2O(s) + (b−a) H2O(g)
−Heat−−−−⇀↽−−−−
+Heat

MX ·bH2O(s).

is given as:

(E/V )open =
|∆H0| · (b− a)

Mb
ρb, (7.1)
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Table 7.1: List of investigated thermochemical reactions. These reactions have a suitable tem-
perature output at ambient water vapour pressures in typical North-West European dwellings.

salts are sorted descending based on the theoretical energy density of an open system.

Salt Transition Energy density Energy density T T Deliquescence
open system closed system discharge charge vapour pressure

at 12 mbar at 20 mbar at 25 ◦C

(GJ/m3) (GJ/m3) (◦C ) (◦C ) (mbar)

Na2S [93] 0.5–5 2.79 1.58 66 82 >11
MgCl2 [60] 2–4–6 1.93 1.24 61 104 10
K2CO3 [31] 0–1.5 1.3 0.96 59 65 14

in which ∆H0 is the reaction enthalpy per mole water in standard conditions [J/mol], Mb

[kg/mol] is the molar mass of the highest hydrate and ρb [kg/m3] is the crystal density of the
highest hydrate.

A closed system operates in vacuum, in the absence of any reactive gasses other than water.
For a closed system, the water source is a part of the reactor and the volume of water molecules
involved in the reaction is considered as well in calculation of the TCM energy density:

(E/V )closed = E/Vopen ·
1

1 + (b− a) · ρbMb
· Mw
ρw

, (7.2)

with MW [kg /mol] the molar mass of water and ρW [kg/m3] the density of water. In other
words, a closed system has a smaller energy density than an open system, because of the water
source housed inside the system.

The output temperature of a TCM depends on its pressure-temperature phase diagram.
As an example, we recall the phase diagram of K2CO3, shown in Fig. 7.1. A water vapour
pressure of 12 mbar (solid arrows in Fig. 7.1) corresponds to an equilibrium TCM temperature
of 59 ◦C. This means that K2CO3 can heat up to 59 ◦C upon hydration when exposed to a
water source of 12 mbar (10 ◦C ) in winter. The pressure difference ∆p between TCM and
water source will drive the hydration, i.e., until 59 ◦C is reached. On the other hand, heating
the TCM to 65 ◦C (dashed arrows) produces a vapour pressure of 20 mbar. This means that
dehydration of the TCM is possible when exposed to a water source of maximum 17 ◦C (20
mbar) in summer.

Thermochemical reactions 7.3-7.5 were selected for a comprehensive performance study
after careful analysis of operating pressure, costs and present research projects[13, 30, 46]. Table
7.1 lists the selected salts and their thermodynamic properties. The deliquescence point of salts
is mentioned explicitly, because deliquescence (or liquefaction in general) should be avoided to
maintain shape stability.

K2CO3(s) + 1.5 H2O −−⇀↽−− K2CO3 · 1.5 H2O(s) (7.3)

MgCl2 · 2 H2O(s) + 4 H2O(g) −−⇀↽−− MgCl2 · 6 H2O(s) (7.4)

Na2S · 0.5 H2O(s) + 4.5 H2O(g) −−⇀↽−− Na2S · 5 H2O(s), (7.5)
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Figure 7.1: Phase diagram of K2CO3 showing the thermochemical reaction (solid line)[94]. A
water vapour pressure of 12 mbar corresponds to a TCM temperature of 59 ◦C. The pressure

difference ∆p between K2CO3 and the water source drives the reaction.

7.3 Materials and methods

7.3.1 Sample preparation

K2CO3 · 1.5 H2O (sieved to 50-164 μm) and MgCl2 · 6 H2O (sieved to 500-1000 μm) were pur-
chased from Sigma-Aldrich (pro analysis) and were stored inside a desiccator above a saturated
solution of CH3COOK (22% RH at 21◦C ) without any further purification. Samples were kept
at 22% RH to prevent overhydration or deliquescence. Na2S · 9 H2O was purchased from Acros
(pro analysis) and was recrystallised to polycrystalline Na2S · 5 H2O (estimated size 50-164 μm).
The material was stored in a sealed bottle to prevent possible chemical degradation.

A second set of experiments was conducted on 0.5-1 mm grains. K2CO3 · 1.5 H2O and
MgCl2 · 6 H2O (sigma-Aldrich) were sieved to 0.5-1 mm grains. Recrystallised Na2S · 5 H2O
(Acros) was submerged in liquid N2 and 0.5-1 mm grains were selected in liquid N2 conditions
to prevent possible chemical degradation during sample preparation. Samples were stored in
air tight vials to prevent deliquescence or chemical degradation[93, 121, 149, 150].

Na2S recrystallisation
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A glass container was placed in an oil bath with stirrer. The flask was connected with a
N2/vacuum inlet with an over pressure safety valve. A commercial H2S sensor was placed in
the vicinity of the flask, because of the possibility of H2S formation. The flask was filled with
500 g Na2S · 9 H2O and closed with an overpressure valve. 250 g of demineralised water was
added. The flask was heated until 115 ◦C. After 60 minutes a slurry of Na2S was obtained and
another 100 g demineralised water was added. The solution was heated further until 125 ◦C and
stirred for another 60 minutes. The salt was completely dissolved and a homogeneous yellow
solution was formed. The solution was subsequently cooled to 60 ◦C to allow the crystallisation
of Na2S · 5 H2O. White crystals were filtered off with a heated filter at 60 ◦C. The yield was 464
g.

A second recrystallisation was performed on the obtained precipitant to further enhance
the purity of Na2S · 5 H2O. The glass container was filled with 464 g Na2S · 5 H2O crystals. 50 g
demineralised water was added. The mixture was heated for 1 hour at 125 ◦C to ensure complete
dissolution of the salt and crystallization of Na2S · 5 H2O was induced by cooling the mixture to
60 ◦C, while stirring at low rotational speeds. The crystals were filtered off with a heated filter
at 60 ◦C. The yield of Na2S · 5 H2O crystals was 115 g. The obtained product was wet and was
therefore placed in a vacuum oven to remove excess of water. Na2S · 5 H2O was kept in air-tight
vials after recrystallisation to avoid degradation and H2S-formation in air[121, 149].

7.3.2 Infrared spectroscopy

Infrared absorbance of samples is measured using a Shimadzu FTIR 8400S with a horizontal
ATR (attenuated total reflectance) crystal. Before analysis, the crystal surface is cleaned with a
tissue soaked in water and a tissue soaked in isopropanol and left to dry. The sample is applied
in powdered form on the surface of the crystal and pressed during the measurement using a
screw for optimum signal / noise ratio. The spectrum is collected by co-adding 48 scans at a
resolution of 4.0 cm−1 and automatic gain.

7.3.3 Thermal analysis (TGA, DSC)

Thermal analysis was performed under air and nitrogen flow (300 mL/min) using a TGA of type
TGA851e and a DSC of type DSC25. Details about the equipment can be found in sections 3.2
and 3.3. 40 μL Mettler-Toledo standard aluminium pans without lid were filled with circa 5 mg
sample. Aluminium pans were used since aluminium has a high thermal conductivity and is not
corroded by the salt when exposed to water vapour. In TGA experiments, buoyancy causes a
deviation of 2% sample mass between maximum and minimum temperature, which is negligible
in the multi-cyclic experiments.

Dehydration/rehydration was performed in cyclic way by heating and cooling the sample
with rates of 0.5 K/min at pH2O = 7.5 mbar and 10 K/min at pH2O = 12 mbar. The two
partial vapour pressures correspond to a water source of 3 ◦C and 10 ◦C respectively. These
temperatures are realistic assuming a ground water source of 10 ◦C, which may cool down
(despite heating feedback) due to the endothermic evaporation.

Sample masses are correlated to the water loading (mol water / mol salt) via:

Loading = x− mx −m(t)

Mw
· Mx

mx
, (7.6)
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where Mx and Mw (g/mol) are the molar masses of the ·x hydrate and water and m(t) and
mx (g) are the actual and x-hydrate masses of the sample. x = 6, 5 and 1.5 for MgCl2 · xH2O,
Na2S · xH2O and K2CO3 · xH2O respectively at pH2O = 7.5 mbar and T = 35◦C , based on phase
diagrams.

7.4 Results and discussion

7.4.1 K2CO3 0-1.5 transition

Present literature suggests that H2O uptake by K2CO3 to form K2CO3 · 1.5 H2O releases 65.8 ±
0.8 kJ/mol water, corresponding to a maximum energy density of 1.30 GJ/m3[13, 94]. The ther-
mochemical reaction is given in reaction 7.7a and the corresponding phase diagram is presented
in Fig. 7.2[94].

After additional literature study on K2CO3 reactivity[31, 150–154] reactions 7.7b and 7.7c
were found possible to occur in conditions used for thermochemical heat storage. Phase diagrams
of reactions 7.7a-7.7c are superimposed in Fig. 7.3[31] to identify thermodynamic conditions
for chemical degradation. The hatched area represents the conditions in which KHCO3 for-
mation occurs at pCO2=0.4 mbar. In other words, in this area CO2 is adsorbed by K2CO3 or
K2CO3 · 1.5 H2O in atmospheric conditions.

Because KHCO3 formation involves CO2, degradation is expected to occur in an open
system. Open and closed system reactive conditions were mimicked in experiments by using air
and N2 as purge gas respectively.

Experimental conditions at which the multi-cyclic energy density was studied are schemat-
ically included in the phase diagram in Fig. 7.2. K2CO3 was hydrated and dehydrated at
pH2O = 7.5 mbar inside TGA by adapting the sample temperature between 25 ◦C and 107 ◦C
with a rate of 0.5 K/min. An isothermal conditioning period of 60 minutes at 25 ◦C and 10
minutes at 107 ◦C was used to complete the (de)hydration before starting the next cycle.

K2CO3(s) + 1.5 H2O(g) −−⇀↽−− K2CO3 · 1.5 H2O(s) (7.7a)

K2CO3(s) + H2O(g) + CO2(g) −−⇀↽−− 2KHCO3 (7.7b)

K2CO3 · 1.5 H2O(s) + CO2(g) −−⇀↽−− 2 KHCO3 + 0.5H2O(g) (7.7c)

Prior to thermal analysis, K2CO3 · 1.5 H2O (50-164 μm) was stored in a desiccator in air
atmosphere for 8 weeks and presence of KHCO3 was checked using infrared (IR) spectroscopy.
No quantitative information could be deduced due to the limited penetration depth of infra red.
Fig. 7.4, spectrum (a) and (b) are literature spectra of anhydrous K2CO3 and KHCO3[155].
(c) shows an experimental spectrum of K2CO3 · 1.5 H2O. (d) shows the same spectrum after
8 weeks of storage in ambient inside a desiccator. The characteristic frequency at 1632 cm−1

belongs to KHCO3, also present in experimental spectrum (e) of KHCO3. Judged from spectra
(c) and (d), KHCO3 forms during storage of K2CO3 in air. The KHCO3 impurity could be
removed by heating (as predicted by the phase diagram in Fig. 7.4 -spectrum (f)) and was not
detected after 1 day of in-situ rehydration at lab conditions of 21 ◦C pH2O ∼ 10 mbar . This
indicates that CO2 adsorption by K2CO3 (reaction 7.7b) is slow compared to H2O adsorption
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Figure 7.2: Phase diagram of K2CO3[94]. Experimental conditions are indicated schemati-
cally. Temperature range 25 - 107 ◦C, pH2O

= 7.5 mbar, heating/ cooling rate 0.5 K/min. Area
of the anhydrous phase is featured light grey, the hydrate phase is shown as darker grey. The
thermodynamic onset temperature of the 0-1.5 transition at pH2O

= 7.5 mbar is indicated at 54
◦C. The deliquescence transition[59] is shown by the dashed line.

(reaction 7.7a).

K2CO3 · 1.5 H2O (50-164 μm) containing KHCO3 impurity was used in thermal analysis as a
worst case scenario for thermochemical application. Results of thermal analysis are summarised
in Fig. 7.5.

Fig. 7.5a displays the water loading and sample temperature for nine subsequent cycles of
hydration. The horizontal dotted lines represent the minimum and maximum loading observed.
Inert N2 was used as purge gas in cycles 1-5 to mimic the non-reactive conditions in a closed
system. After 5 cycles, the purge gas was switched to air (0.4 mbar CO2) to mimic the reactive
conditions of an open system. Artefacts caused by buoyancy and purge gas change are indicated
by the grey rectangles (only presented for cycle 4, between t=20 h and t= 30 h) and triangle
respectively.

Water uptake occurs reproducibly after 3 cycles of hydration. No difference in hydration
behaviour is observed when switching from N2 to air purge.
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 K2CO3*1.5H2O(s) + CO 2 (g) = 2KHCO 3 (s) + 0.5H 2O(g)

K2CO3

K2CO3
.1.5H2O

KHCO3

Figure 7.3: Phase diagram for reactions 7.7a-7.7c at pCO2
= 0.4 mbar (i.e. atmospheric

conditions)[31]. The deliquescence transition[59] (dashed line) is added for completeness. Ex-
perimental working temperatures (hydration at 25 ◦C and dehydration at 107 ◦C ) and pressure
( pH2O

= 7.5 mbar) are indicated by dotted lines. KHCO3 formation occurs in the grey area.

KHCO3 presence causes the anomaly in the dehydrations prior to cycle 1 and 2, indicated
by the grey circles. TGA-based amount of KHCO3-impurity prior to each hydration is calculated
in two ways: 1) Using the mass balance based on equation 7.7a and 2) Using the mass balance
based on reactions 7.7b and 7.7c. The mass% impurity prior to each hydration is displayed in
Fig. 7.6. The maximum transition observed in this experiment is 0-1.47 rather than 0-1.5 based
on the mass balance in 7.7a, corresponding to an impurity level of 2%.

Fig. 7.5b displays the sample mass and loading against temperature. In this view, the
onset temperature (dotted arrow) is compared with the thermodynamically expected onset
temperature of 54 ◦C at pH2O = 7.5 mbar (dashed line). Hydration starts at 39 ◦C. Mass
changes are calculated to power output and plotted against sample temperature, presented in
graph 7.5c. Hydration of K2CO3 produces a peak power of 0.31 W/g at 32 ◦C.

As a final experiment, the multi-cyclic heat in- and output was measured directly using
DSC. Conditions favourable for KHCO3 formation were imposed to test the effect on heat in-
and output. Humid air (pCO2

= 0.4 mbar and pH2O = 18 mbar) was used as purge gas and
temperature range of 25–115 ◦C was applied seven times using a heating/ cooling rate of 0.75
K/min.
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Figure 7.4: IR spectra of KHCO3, K2CO3 and K2CO3 · 1.5 H2O. Experimental and literature
spectra are shown in solid and dotted lines respectively[155]. (a): K2CO3, (b): KHCO3, (c):
K2CO3 · 1.5 H2O pro analysis Sigma-Aldrich, (d): K2CO3 · 1.5 H2O pro analysis Sigma-Aldrich,
after 8 weeks in air at 25 ◦C , (e): KHCO3 pro analysis Sigma-Aldrich, (f): K2CO3 after
dehydration at 130 ◦C and (g): K2CO3 after 1 day rehydration at 25 ◦C. The frequency at
1632 cm−1 is KHCO3 specific. Crystal water OH stretch is situated around 3150 cm−1. It is
noteworthy that the region around 2500 cm−1 (O=C=O stretching) is different for the calculated

(b) and measured (e) spectrum of KHCO3.

The DSC thermogram is presented in Fig. 7.7. It is likely that the endothermic signal
indicated by the grey circles is CO2 desorption. Assuming 10 m% KHCO3, the estimated
reaction enthalpy for reaction 7.7b under standard conditions is 164 J /g. The area under the
curves indicated by the grey circles is 24 J /g. It is likely that the DSC signal is not acquired
in full sensitivity because CO2 desorption proceeds rather slow. Besides, heat losses caused
by the non-optimal contact between salt and Aluminium pan result in underestimation of the
calorimetric signal in general for salts.

Energy in- and output based on TGA and DSC is presented in Fig. 7.5d as a function of
cycle number. The DSC heat output is in good agreement with the heat output expected based
on TGA.

7.4.2 MgCl2 2-6 transition

Present literature suggests that H2O uptake by MgCl2 · 2 H2O to form MgCl2 · 6 H2O yields a
reaction enthalpy of 58.9 ± 0.83 kJ mol water−1, corresponding to an energy density of 1.93
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Figure 7.5: (A): Thermogram of nine consecutive hydrations of K2CO3. Loading (mol
H2O/mol K2CO3) and sample temperature (◦C ) are plotted against time. Temperature range
25 - 107 ◦C, pH2O

= 7.5 mbar, heating/ cooling rate 0.5 K/min. (B): mass and loading against
sample temperature, (C): power against sample temperature, and (D): the enthalpy of transition

in the course of cycles.

GJ/m3[13, 60]. The thermochemical reaction is given in reaction 7.4 and the corresponding
phase diagram is presented in Fig. 7.8[60].

HCl formation is a well-known side reaction accompanying the dehydration of magnesium
chloride, shown generically in reaction 7.8b. HCl formation is studied by various authors in
different frameworks, without full consensus on the exact temperature of degradation[120, 156–
161]. Degradation at 110 ◦C and pH2O = 13 mbar is reported in recent experimental studies[120].

Phase diagrams of reactions 7.8a and 7.8b are superimposed in Fig. 7.9[31]. The hatched
area represents the conditions in which HCl formation occurs. The hatched area is used
as an experimental guideline and is partly in agreement with the present literature on HCl
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Figure 7.6: Mass % KHCO3 impurity prior to each hydration. Calculated based on 1) water
uptake. I.e., mass K2CO3 / K2CO3 · 1.5 H2O expected based on mass change due to water
sorption compared to the actual mass in K2CO3 / K2CO3 · 1.5 H2O state (closed circles). 2)
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formation[156, 157].

MgCl2 · 2 H2O(s) + 4 H2O(g) −−⇀↽−− MgCl2 · 6 H2O(s) (7.8a)

MgCl2 ·nH2O(s) −−⇀↽−− MgClOH(s) + HCl(g) + (n-1)H2O(g) (7.8b)

For constructing the worst case boundary of the hatched area, n in reaction 7.8b was
chosen as n = 6 (i.e. chemical degradation of MgCl2 · 6 H2O) and pHCl was chosen as 0.1 mbar
(dotted lines). As a best case scenario, n was chosen as n = 2 (i.e. chemical degradation of
MgCl2 · 2 H2O) and pHCl = 1 mbar (short dotted lines).

Because the degradation reaction involves no other reactive gasses than H2O and intrinsi-
cally produced HCl, chemical degradation is expected in an open and closed system. In an open
system, complete degradation is possible, because the reactant HCl is removed. In a closed sys-
tem, building up of HCl would equilibrate material degradation, but might damage the closed
reactor by corrosion.
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Figure 7.7: DSC curve of K2CO3 · 1.5 H2O. Heating/ cooling rate 0.75 K/min at pH2O
=

18 mbar. In these conditions, deliquescence occurs, promoting the adsorption of CO2+H2O.
Hydration and dehydration is indicated as 0-1.5 and 1.5-0 respectively. Deliquescence and
evaporation of deliquescence water is indicated as 1.5-aq and aq-1.5 respectively. Inset: zoom-
in on the dehydration. The first dehydration has a slight delay in onset temperature and is
followed by a second endothermic signal. The second endothermic signal (indicated by the grey
circle) is probably irreversible CO2 desorption. The energy in- and output is in good agreement

with the theoretical enthalpy expected based on the 0-1.5 transition.

Experimental conditions at which the multi-cyclic energy density was studied are schemat-
ically included in the phase diagram in Fig. 7.8. MgCl2 · 6 H2O was dehydrated and rehydrated
at pH2O = 7.5 mbar inside TGA by adapting the sample temperature between 107 ◦C and 35
◦C respectively, with a rate of 0.5 K/min. An isothermal conditioning period of 15 minutes at
35 ◦C and 107 ◦C was used to complete the (de)hydration before starting the next cycle.

Prior to thermal analysis, a litmus test was performed on closed vials containing MgCl2 · 6 H2O
stored at 25, 50, 60, 70, 80, 90 and 100 ◦C . Empty vials with litmus paper were used as blanco.
The litmus paper turned red at temperatures of 70 ◦C and above, which indicates early acid
formation in the hexahydrate.

Results of thermal analysis on MgCl2 · 6 H2O are summarised in Fig. 7.10. Fig. 7.10a
displays the water loading and sample temperature for eight subsequent cycles of hydration. The
horizontal dotted lines represent the minimum and maximum loading observed. Water uptake
capacity decreases over cycles rapidly. Based on the water uptake, the active MgCl2 · 6 H2O
fraction is decreasing 3.4% each cycle, meaning that the compound has fully degraded after 30
cycles. In this experiment, MgCl2 · 6 H2O was exposed 84 minutes to temperatures of >90 ◦C.
This observation is in agreement with recent experimental studies reporting almost complete
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Figure 7.8: Phase diagram of MgCl2[60]. Experimental conditions are indicated by the dotted
lines. Temperature range 35 - 107 ◦C, pH2O

= 7.5 mbar, heating/ cooling rate 0.5 K/min. Area
of the lower hydrate phase is featured light grey, higher hydrate phases are shown as darker
grey. The thermodynamic onset temperature of the 2-4 and 4-6 transition at pH2O

= 7.5 mbar
are indicated at 85 and 52 ◦C respectively. The deliquescence transition[59] is shown by the
dashed line. Crosses represent experimental pressure temperature values reported in literature.

degradation after 20 cycles at a charging (dehydration) temperature of 110 ◦C at pH2O = 13
mbar[120].

Fig. 7.10b displays the sample mass and loading against temperature. In this view,
onset temperatures (indicated by the dotted arrows) are compared with the thermodynamically
expected onset temperature of 85 ◦C (2-4 transition) and 52 ◦C (4-6 transition) at pH2O = 7.5
mbar (indicated by the dashed lines). Hydration starts at 75 ◦C.

Mass changes are calculated to power output and plotted against sample temperature,
presented in Fig. 7.10c. Hydration of MgCl2 · 2 H2O produces a peak power of 0.30 W/g at 63
and 42 ◦C.

As a final experiment, the multi-cyclic heat in- and output was measured directly using
DSC. pH2O was kept at 7.5 mbar and a temperature range of 35 - 115 ◦C was applied twelve
times using a heating/ cooling rate of 0.1 K/min to acquire the full transition in the imposed
temperature range. The DSC thermogram of the first eight cycles is presented in Fig. B.5. The
power output decreases in the course of cycles.
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 n=2 ; p HCl = 1 mbar

MgClOH

MgCl2
.6H2O

MgCl2 (solution)

Figure 7.9: Phase diagram for reactions 7.4-7.8b at pHCl = 0.1 mbar, n = 6 (dotted line) and
pHCl = 1 mbar, n = 2 (short dotted lines)[31, 94, 156]. Experimental working temperatures

and pressures are indicated by dotted lines.

Energy in- and output as a function of cycle number is presented in Fig. 7.10d. For a
non-degraded sample (i.e. the first dehydration), good correlation between TGA and DSC is
observed. In DSC conditions, sample exposure to temperatures >90 ◦C was 340 minutes in each
cycle. The active TCM fraction is fully degraded after 15 cycles, based on DSC heat in- and
output.
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Figure 7.10: (A): Thermogram of eight consecutive hydrations of MgCl2. Loading (mol
H2O/mol MgCl2) and sample temperature (◦C ) are plotted against time. Temperature range
35 - 107 ◦C, pH2O

= 7.5 mbar, heating/ cooling rate 0.5 K/min. (B): mass and loading against
sample temperature, (C): power against sample temperature, and (D): the enthalpy of transition

in the course of cycles.
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7.4.3 Na2S 0.5-5 transition

Present literature suggests that H2O uptake by Na2S · 0.5 H2O to form
Na2S · 5 H2O has a reaction enthalpy of 59.4 ± 1.6 kJ / mol water, corresponding to an energy
density of 2.79 GJ/m3[13, 94]. The high energy density makes Na2S an interesting compound
for heat storage application, studied by various authors[85, 93, 162, 163]. The thermochemical
reaction is given in reaction 7.9a and the corresponding phase diagram is presented in Fig.
7.12[93]. Although anhydrous Na2S is reported as crystalline phase[164], no 0-5 transition is
reported in literature. Explanations are usually based on the difficulty of removing the last
water molecules as the compound is very hygroscopic[93, 121]. Another feature of Na2S is
the low melting point. Na2S · 5 H2O has a melting point of 83 ◦C[93]. Therefore, a maximum
temperature of 80 ◦C was used in multi-cyclic experiments.

After additional literature study on Na2S reactivity[121, 149, 165–167], reaction 7.9b was
found possible as a side reaction to hydration. Although this reaction is not mentioned in the
present thermochemical studies on Na2S[50, 93, 168], it plays an important role in the effective
energy density. Phase diagrams of reactions 7.9a and 7.9b are superimposed in Fig. 7.13 to
identify thermodynamic conditions for chemical degradation. The hatched area represents the
conditions in which Na2CO3 formation occurs: CO2 adsorption is theoretically expected at all
temperatures and water vapour pressures in atmospheric conditions. This makes a multi-cyclic
experimental study in open and closed system conditions rather necessary. Open and closed
system reactive conditions were mimicked by using air and N2 as purge gas respectively.

Experimental conditions are schematically shown in the phase diagram in Fig. 7.12.
Na2S · 5 H2O was dehydrated and rehydrated at pH2O = 7.5 mbar inside TGA by adapting
the sample temperature between 80 ◦C and 35 ◦C respectively, with a rate of 0.5 K/min.
An isothermal conditioning period of 10 minutes at 35 and 80 ◦C was used to complete the
(de)hydration before starting the next cycle.

Na2S · 0.5 H2O(s) + 4.5 H2O(g) −−⇀↽−− Na2S · 5 H2O(s) (7.9a)

Na2S(s) + H2O(g) + CO2(g) −−⇀↽−− Na2CO3(s) + H2S(g) (7.9b)

Prior to thermal analysis, IR measurements were performed to detect the presence of
Na2CO3 before and after exposure to air; presented in Fig. 7.14. Spectrum (a) is a literature
spectrum of Na2CO3[155]. Spectrum (b) is an experimental spectrum of anhydrous Na2CO3,
showing the CO3 specific frequencies at 1415 and 875 cm−1. Spectrum (c) belongs to Na2S
stored in a desiccator in ambient for 1 week, showing the CO3 specific frequencies. (d) shows
the spectrum of fresh Na2S · 5 H2O, a clear water peak is present, besides minor CO3 peaks. This
is probably because the carbonate is spectrally masked by the presence of adsorbed H2O[121].
Based on IR, it is concluded that Na2S · 5 H2O is difficult to maintain in pure form, because
Na2CO3 formation starts almost instantly in ambient. IR experiments were not continued
further, to protect the IR equipment from corrosive H2S gas.

The multi-cyclic performance of Na2S was tested initially in air under working conditions
of pH2O = 12 mbar. Fig. 7.15 shows a TGA thermogram of multi-cyclic hydration in air
atmosphere. Full degradation in air atmosphere is visible after 4 cycles of hydration. Heating
of the sample in the presence of CO2 and H2O is suggested to speed up reaction 7.9b[121].
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Figure 7.12: Phase diagram of Na2S[93]. Experimental conditions are indicated by the dotted
lines. Temperature range 35 - 80 ◦C, pH2O

= 7.5 mbar, heating/ cooling rate 0.5 K/min. Area of
the lower hydrate phase is featured light grey, higher hydrate phases are shown as darker grey.
The thermodynamic onset temperature of the 2-5 transition at pH2O

= 7.5 mbar (observed
as 0.5-5 in thermal analysis) is indicated at 58 ◦C . Crosses represent experimental pressure

temperature values reported in literature

Next, a fresh sample was cycled using N2 as purge gas, applying the temperature pressure
profile as shown in Fig. 7.12. Fig. 7.16a displays the water loading and sample temperature
of nine subsequent cycles of hydration. The horizontal dotted lines represent the minimum and
maximum loading observed. A stable hydration performance is observed in inert conditions.

Fig. 7.16b displays the sample mass and loading against temperature. In this view, on-
set temperatures (indicated by the dotted arrows) are compared with the thermodynamically
expected onset temperature of 58 ◦C at pH2O = 7.5 mbar (indicated by the dashed line). Hy-
dration starts slightly above 58 ◦C (at 61 ◦C ), which is interpreted as the delayed 0-2 transition
(expected thermodynamically at 71 ◦C )[93].

Mass changes are calculated to power output and plotted against sample temperature,
presented in Fig. 7.16c. Hydration of Na2S · 0.5 H2O produces a peak power of 0.55 W /g at 45
◦C. The heat in- and output, based on TGA and DSC is shown in Fig. 7.16d.

The sensitivity of the cyclic performance of Na2S to air exposure was tested by removing
the sample from the N2 atmosphere TGA. The sample was pre-exposed to ambient air for 2
hours and the measurement was continued in N2 atmosphere. Fig. 7.17a shows the thermogram
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 Na2S(s) + H 2O(g) + CO 2(g) = Na 2CO3(s) + H 2S(g)
 Na2S.9H2O(s) = Na 2S.5H2O(s) + 4H 2O(g)
 Na2S.5H2O(s) = Na 2S.2H2O(s) + 3H 2O(g)
 Na2S.2H2O(s) = Na 2S(s) + 2H 2O(g)

Na2CO3

Figure 7.13: Phase diagram for reactions 7.9a and 7.9b at pH2S
= 0.1 mbar (100 ppm) and

pCO2
= 0.4 mbar (atmospheric conditions)[31, 94]. Based on this, Na2CO3 is the thermody-

namically expected compound if Na2S · 5 H2O is exposed to ambient conditions.

of Na2S after the sample was exposed to ambient air. The chemical degradation ends in N2

atmosphere. After 5 cycles, a stable hydration - dehydration pattern is visible, with 55 % of
the initial water sorption capacity. The inactive part of the material (45 %) is Na2CO3. The
slight difference over cycles 1-5 can be ascribed to loss of excess water. The excess water is
accumulated (due to e.g. nonahydrate formation) during the 2 hours exposure time to ambient
air.

Fig. 7.17b displays the sample mass and water loading as a function of temperature. Fig.
7.17c shows the output power, based on mass change inside TGA. The onset temperature and
power output are not significantly affected by the chemical degradation. The heat in- and
output, based on TGA and DSC is shown in Fig. 7.16d, while the DSC measurement is shown
in Fig. 7.18. The heat output after exposure to air is approximately halve of the heat output
before exposure (Fig. 7.17d). This demonstrates that the energy density of Na2S diminishes
rapidly if exposed to atmosphere. The purity of the sample is difficult to control during sample
insertion into the thermal analysis equipment, because of the high CO2 sensitivity. This causes
a mismatch between DSC and TGA heat outputs (solid and open symbols respectively).
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Figure 7.14: IR spectra of Na2S · 5 H2O and Na2CO3. Experimental and literature[155] spec-
tra are shown in solid and dotted lines respectively. (a): Na2CO3, (b): Na2CO3 pro-analysis
Sigma-Aldrich, (c): Na2S · 5 H2O after 1 day in air at 25 ◦C and (d): Na2S · 5 H2O, recrystallised.

The frequency at 1632 cm−1 is Na2CO3 specific[169, 170].
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Figure 7.16: Thermogram of nine consecutive hydrations of Na2S. The experiment was carried
out in N2/H2O atmosphere. Loading (mol H2O/mol Na2S) and sample temperature (◦C ) are
plotted against time. Temperature range 25 - 80 ◦C, pH2O

= 7.5 mbar, heating/ cooling rate
0.5 K/min. (B): mass and loading against sample temperature, (C): power against sample

temperature, and (D): the enthalpy of transition in the course of cycles.
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Figure 7.17: (A): Thermogram of nine consecutive hydrations of Na2S after pre-exprosure to
air for 2 hours. The experiment was carried out in N2/H2O atmosphere. Loading (mol H2O/mol
Na2S) and sample temperature (◦C ) are plotted against time. Temperature range 25 - 80 ◦C,
pH2O

= 7.5 mbar, heating/ cooling rate 0.5 K/min. (B): mass and loading against sample
temperature, (C): power against sample temperature, and (D): the enthalpy of transition in the

course of cycles.
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7.5 Impact on thermochemical heat storage

In this section, the heat storage performance of K2CO3, MgCl2 and Na2S is evaluated, based
on the discovered chemical stability.

Gravimetric and calorimetric energy densities, calculated for an open and closed system
are shown in Fig. 7.19 and 7.20, respectively. K2CO3 has a robust energy density, determined
as 1.28 GJ/m3 for an open system and 0.95 GJ/m3 for a closed system. Given the chemical
robustness and the power output of K2CO3, 1 m3 of material can be used with a frequency of
12-52 cycles a year (i.e. monthly to weekly), yielding a year basis energy of 15-66 GJ, which
can be maintained over at least 20 years. We note that in an open system, the material should
be stored in dry atmosphere during battery rest, in order to prevent KHCO3 formation.

The material level energy densities of MgCl2 and Na2S in one cycle are higher than the
material level energy density of K2CO3, matching 1.81 and 2.81 GJ/m3 respectively. However,
this energy density is not stable over cycles. MgCl2 faces thermolysis at thermochemical heat
storage conditions, which inactivates the heat storage material completely after a maximum of
30 cycles. Na2S on the other hand, is air sensitive and can only be used in a closed system,
reducing the effective energy density to 1.64 GJ/m3 for a pure compound, and down to 0.95
GJ/m3 in realistic scenarios where inevitable air-induced degradation is the case. The main
challenge for Na2S is material purity and realisation of a hermetically closed system, which will
raise costs of a potential reactor.

Considering output powers and temperatures, multi-cyclic experiments were repeated on
0.5-1mm sized grains at pH2O = 12 mbar, presented in Fig. 7.21. Experiments were conducted
in air atmosphere, except in the case of Na2S. Table 7.2 summarises the results. K2CO3

has an output power of 0.13 W/g (grain size 500 μm) to 0.31 W/g (grain size 50 μm). This
power output is low, compared to MgCl2 and Na2S, which provide 0.32 and 0.41 W /g (grain
size 500 μm) respectively. Furthermore, K2CO3 has a hydration onset temperature of 45 ◦C,
whereas Na2S and MgCl2 have onset temperatures of 60 and 78 ◦C respectively under the same
conditions. Although K2CO3 has intrinsically a low output power and temperature compared to
Na2S and MgCl2, the power output is sufficient for thermochemical heat storage purpose, with
283 kW/m3. The characteristic discharge temperature of 33-45 ◦C is too low for generation of
hot tap water, but suffices domestic space heating purposes.
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Figure 7.19: Experimental energy densities, based on TGA and DSC measurements at pH2O
=

7.5 mbar. Calculated for an open system concept. Theoretical energy densities are indicated
with lines. Na2S shows no water sorption in air atmosphere, due to rapid degradation to

Na2CO3.
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Table 7.2: Overview of output powers and temperatures at two testing conditions. Top:
Purified material of different grain sizes. Hydration conditions: pH2O

= 7.5 mbar (cooling rate
0.5 K/min). Bottom: Materials of 0.5-1 mm grain size. Hydration conditions: pH2O

= 12 mbar
(cooling rate 10 K/min). In the latter, it was not possible to obtain Na2S in pure state as grains
of 0.5-1 mm. The transition corresponding to the thermodynamic onset temperature is given

between brackets.

K2CO3 MgCl2 Na2S

Transition 0–1.5 2–4–6 0.5–5

7.5 mbar (cooling rate -0.5 K/min)
grain sizes (μm) 50-164 500-1000 50-164
Thermodynamic onset temperature 53 85 (2-4); 52 (4-6) 58 (0.5 -5)
Hydration start temperature (± 0.5 ◦C ) 42 75; 51 60
Peak power temperature (± 0.5 ◦C ) 29 63; 42 45
Peak power (± 0.01 W/g) 0.31 0.33; 0.31 0.53
Energy density cycle 1 (GJ/m3 ± 0.02) 1.21 1.87 2.87
Energy density cycle 8 (GJ/m3 ± 0.02) 1.28 1.43 2.81

12 mbar (cooling rate -10 K/min)
grain size (mm) 0.5-1 0.5-1 0.5-1
Thermodynamic onset temperature 59 93 (2-4); 61 (4-6) 66 (0.5-5)
Hydration start temperature (± 0.5 ◦C ) 45 78 60
Peak power temperature (± 0.5 ◦C ) 33 52 42
Peak power (± 0.01 W/g) 0.13 0.32 0.41
Energy density cycle 1 (GJ/m3 ± 0.02) 1.14 1.79 1.44
Energy density cycle 5 (GJ/m3 ± 0.02) 1.29 1.59 1.37

Stable in closed system? yes no yes
Stable in open system? yes no no
Remark KHCO3 impurity HCl formation Rapid and complete

is baked out degradation in air.
during use No inleak

of air allowed
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7.6 Conclusion

Thermochemical materials K2CO3, MgCl2 and Na2S have been investigated in depth on en-
ergy density, power output and chemical stability, presenting a critical assessment of potential
chemical side reactions in an open and closed reactor concept. With MgCl2 and Na2S be-
ing thermochemical materials investigated in previous thermal storage research programs, and
K2CO3 being selected among 600 hydrate reactions, performances were evaluated within the
frame of a thermochemical battery in the built environment.

Na2S has a superior energy density, output power and temperature (2.81 GJ/m3, with 530
W/kg at a maximum temperature of 60 ◦C ), but is too air-sensitive for robust application. It
is not suitable for use in an open reactor, degrading fully in four cycles. A closed reactor is
expected to be highly challenging, because of the high demands for system vacuum. MgCl2 is
found not suitable in both open and closed reactor concept, despite the higher energy density,
output power and temperature compared to K2CO3 (1.87 GJ/m3, with 330 W/kg at a maximum
temperature of 75 ◦C ) because of complete degradation of the compound in approximately 30
cycles at temperatures above 50 ◦C.

The recommended material for further development in thermochemical heat storage appli-
cation is K2CO3. Judged by gravimetric and calorimetric experiments in both operating and
worst-case-scenario conditions, it is concluded that K2CO3 is chemically robust in both an open
and closed system. The energy density on material level amounts 1.28 GJ/m3 in an open system
and 0.95 GJ/m3 in a closed system. The power output on material level ranges between 283-675
kW/m3, depending on the granule size. K2CO3 is air sensitive and absorbs CO2 from the at-
mosphere with formation of inert KHCO3. However, purifying K2CO3 from KHCO3 impurities
is possible by heating. The absorption of CO2 is reversible and the KHCO3 content remains at
circa 2% after dehydration/ rehydration cycles in operating conditions (temperatures between
25-115 ◦C at partial water vapour pressures p=7.5-18 mbar). We note that the material should
be stored in dry atmosphere in order to prevent KHCO3 formation.

Based on the chemical stability and the power output of K2CO3, 1 m3 of material can
be used with a frequency of 12-52 cycles a year (i.e. monthly to weekly), yielding a year basis
energy of 15-66 GJ, which can be maintained over at least 20 years. The characteristic discharge
temperature of 33-45 ◦C is too low for generation of hot tap water, but suffices domestic space
heating purposes.



Chapter 8

Characterisation of industrial
composites based on potassium
carbonate

Abstract

Potassium carbonate (K2CO3) is
a hygroscopic salt, which is promising
for thermochemical heat storage in do-
mestic application. However, the salt
needs shape stabilisation for cyclic use
in a thermochemical heat battery. In
this work, composites based on K2CO3

have been manufactured in the shape of
grains (1), rods (2) and tablets (3) us-
ing industrially scalable processes and
are characterised with the goal to eluci-
date the mechanical stability, water up-
take and energy density of the particles.
The following production routes, which
have potential for industrial up-scaling, were followed, (1): compaction with graphite, (2): paste
extrusion with ethyl-cellulose and (3): tabletting with magnesium stearate. It is concluded that
compaction with graphite (1) and paste extrusion with ethylcellulose (2) ensure mechanical stabil-
ity of the composite particle to at least 250 cycles without pulverisation. Compaction (tabletting)
with Mg-stearate (3) on the other hand does not provide sufficient mechanical stability. The ob-
tained composites hydrate (discharge) with a power of about 50 W/kg at a maximum temperature
of 43–47 ◦C at 12 mbar water vapour pressure. Dehydration (charge) is possible at 70–80 ◦C at
12 mbar. The bulk thermal conductivity of the composites ranges between 0.09–0.24 W m−1 K−1

and depends on the bed packing. The highest bulk energy density was obtained for grains (1)
(0.64–0.83 GJ/m3) and the lowest for rods (2) (0.32 GJ/m3). Energy densities of 0.95 GJ/m3

are in principle achievable if compaction is performed in the form of convex discs (tablet shape).

This chapter will be published as: L. C. Sögütoglu, R. B. Bayer, J. Houben, H. P. Huinink, O. C. G.
Adan. Industrial composites based on potassium carbonate for thermochemical heat storage.
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Figure 8.1: (a): A dehydrated platelet-shaped single crystal of K2CO3, before cycling. (b):
The same single crystal after 40 cycles. The scale bar indicates 2 mm.

8.1 Introduction

One of the challenges in thermochemical heat storage is to develop a heat battery: an advanced
thermal storage system based on TCMs, that enables economically affordable, compact and
loss-free storage of heat in existing buildings, while reducing environmental impact. Various
battery concepts[13, 80, 171] and TCMs with water as eco-friendly absorptive gas (zeolites,
salts and salt impregnated porous host materials)[29, 35, 172–175] have been investigated for
heat storage in domestic use. For space heating (discharge at 35–28 ◦C at 12 mbar), salt hydrates
have in general a significantly higher material energy density (1.95–2.79 GJ/m3) compared to
salt-impregnated porous materials (0.97 GJ/m3) and zeolites (0.72 GJ/m3)[81].

After careful review of 262 salt hydrates (chapter 4) and additional lab-scale tests on
chemical stability (chapter 7), K2CO3 was selected as a promising thermochemical material
(TCM):

K2CO3(s) + 1.5 H2O(g) −−⇀↽−− K2CO3 · 1.5 H2O(s) (8.1)

An important aspect of the TCM is its shape and performance stability. With a proper
shape, the TCM can be packed optimally in the TCM reactor. The stability of the shape guar-
antees stability in energy density and power output. Pure salts have no well-defined shape.
In addition, the shape stability of pure salts is minimal due to the large volume expansions
(leading to cracking or even pulverisation of the crystal) and potential deliquescence (leading to
clogging). Fig. 8.1 shows a platelet shaped single crystal of K2CO3 before cycling and after 40
cycles, where pulverisation is visible. Pulverisation and clogging can hamper water transport
in the system leaving insufficient bed permeability for gas flow and power output. The salt,
therefore, has to be shaped into composite particles with stable packing density and hydra-
tion performance. For a feasible heat battery, the composite particles should be manufactured
eventually on industrially relevant scales.
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The goal of this chapter is to develop an understanding of the working of a composite based
on K2CO3. To this end, three routes for composite production are followed that can be scaled
up to industrial level. The resulting composites are characterised and evaluated on the basis of
packing density (energy density), mechanical stability, power output and thermal conductivity.
Conclusively, we identify which factors in material design are relevant for obtaining a stable,
high energy density composite.

8.2 Materials and methods

8.2.1 Base material

Industrial grade anhydrous K2CO3 (98%) in powder form (particle size 10–700 μm) was pur-
chased from Potasse et Produit Chimiquesr and was used as base material for composite pro-
duction.

8.2.2 Composite production

In order to have a workable TCM which can fill a reactor and maintain mechanical stability over
multiple charges / discharges, the base material powder was reshaped into composite particles.
Three up-scalable processing routes were explored for synthesis, (1): compaction, (2): paste
extrusion and (3): tablet pressing, leading to irregularly shaped grains (1), rods (2) and tablets
(3). The production processes are schematically shown in Fig. 8.2. The precise composite
particle size depends on the manufacturing method. However, the maximum size is 7 mm, so
that the particles fit the typical fin size (10–20 mm) of a heat exchanger[152, 176], while ensuring
bed permeability. Composite production with base material alone is not possible, because the
specific additive in the production route is functional as binder / lubricant during the composite
making process.

8.2.2.1 Compaction: grains (1)

The first and most straight-forward method for composite formation is compaction. Compaction
is based on roll-pressing[177] the base material using a force of 50–60 kN, which yields flat pellets
of dimension 40 mm × 12 mm (area 48·10−5m2) and a thickness of 4 mm. The base material
was directly mixed with graphite as additive. The resulting mixture is an ash grey powder.
After mixing, the material was compacted in flat pellets and in a next step broken into grains.
Irregularly shaped grains with a size of 3–5 mm were sieved and used in characterisation. The
mass fraction of K2CO3 in the composite material is 97%.

8.2.2.2 Paste extrusion: rods (2)

A second widely used method for the production of composites is paste extrusion. It requires
K2CO3 to be mixed with a thermoplastic medium into a paste, which is then extruded, dried
and granulated to cylindrical composites. Directly extruding the base material with the ther-
moplastic medium would require almost 50% of the thermoplast, reducing the K2CO3 content
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too much and leading to an expensive recipe. Therefore, a liquid phase of the additive ethylcel-
lulose was used, dissolved in ethanol, which was removed after the extrusion. Ethylcellulose is
a water-insoluble stabiliser and thickener used in the food industry.

The base material was milled to powder with a particle size below 50 μm and mixed with
ethylellulose as additive. Consequently, the solvent is sprayed into the mixture and the rough
paste is kneaded until the ethylellulose is completely dissolved in the paste and a smoother
paste results. Once the paste is soft enough, it is extruded into long cylindrical filaments with
a diameter of 4 mm. The filaments were dried and chopped into a few millimetre long rods.
The final product is a rod-shaped composite, with a diameter of 4 mm and a length of around
2 mm. The mass fraction of K2CO3 in the composite material is 97%.

8.2.2.3 Tablet pressing: tablets (3)

The third method for composite production is tablet pressing. The base material was milled
to powder with a particle size below 50 μm and mixed with Magnesium stearate as additive
to facilitate the tablet pressing. Tablets were made by introducing the mixture in a mold and
applying a force of 10 kN. The composite tablets are convex discs with a diameter of 7 mm (area
3.8·10−5m2) and maximum height of 2.5 mm. The mass fraction of K2CO3 in the composite
material is 97%.

8.2.3 Characterisation

8.2.3.1 Microscopy

Single composite particles were inspected microscopically using an optical Zeiss stereo micro-
scope in the course of hydration-dehydration cycles. Images were taken at magnifications of 2.66
and 4.72 times. Composites were also visually inspected using a Scanning Electron Microscope
(SEM) FEI Quanta 600. The microscope chamber was vacuumed down to 3 10−5 mbar and an
electron beam with accelerating voltage of 5 to 10 kV was used to obtain the SEM images at
spot size 3. Images were taken at magnifications of circa 45, 230 and 800 times.

8.2.3.2 X-ray diffraction

Chemical and structural analysis of the composites was performed using a Rigaku Miniflex
diffractometer in continuous scan mode with a divergent slit of 0.625◦ using a D/teX Ultra2
detector and Kβ filter. The setup was used in reflection mode with a step width of 0.01 degree
and a scan speed of 2 degrees per minute for peak width analysis based on the methods of
Scherrer and Halder-Wagner[178, 179]. The sample surface, which is primarily probed in reflec-
tion mode, is hygroscopic and hydrates during sample preparation. LaB6 was used as external
standard to determine the instrumental peak broadening for peak width analysis.

8.2.3.3 Pressure-Temperature characteristic

The pressure-temperature characteristics of K2CO3 composites were determined using the p,T-
setup, described in section 3.4.
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Figure 8.2: Block scheme illustrating the three production routes: (1): compaction, (2): paste
extrusion and (3): tabletting. White scale bars represent 2 mm and are used to indicate the

size of the final product.

8.2.3.4 Thermal conductivity

The thermal conductivity of composites was measured in a bulk packed bed of particles and in
powder. The setup for measuring thermal conductivity (Fig. 8.3) is based on the guarded heat
flow principle in which one tries to create a one-dimensional heat flow through a sample that
can be measured with an adjacent heat flux meter. The thermal conductivity of the flux meters
is known and with a thermocouple array at fixed positions the heat flux can be determined,
allowing to solve the heat conduction equation:

q = −kdT
dx

(8.2)

in which q is the local heat flux density [Wm−2], k is the thermal conductivity of the sample
between the flux meters [W m−1K−1] and dT

dx is the temperature gradient in one dimension
[Km−1].
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Figure 8.3: Schematic representation of the thermal conductivity measurement setup.

Figure 8.4: Packed composite material, pressed as pills in the dimensions of the fluxmeters.
(a): grains, (b): rods, (c): tablets, (d), (e): bulk of particles in the dimensions of the fluxmeters.

For heat conductivity measurements in powder form, composite particles are ground using
a mortar (estimated particle size 50–160 μm) and pressed as pills using a force of 40–50 kN in
the diameter (56 ± 1 mm) of the fluxmeters (Fig. 8.4a-c). The width of the pills vary between
6 and 11 mm. The thermal conductivity of a packed bed was measured by filling the cylindrical
space with particles of the composite (Fig. 8.4d and e).

8.2.3.5 Energy density

The energy density of hydrated composites was measured on bulk level and on grain level. The
energy density of pure K2CO3 · 1.5 H2O is directly related to the density of the material (bulk
or single grain) as:

(E/V )material =
ρmaterial
ρcrystal

· (E/V )crystal, (8.3)

in which (E/V )crystal is the energy density of pure crystalline K2CO3 · 1.5 H2O (1.30 GJ/m3)[29]
and ρcrystal is the crystal density (2.18 g/mL)[180, 181].
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The particle density (sample size ∼ 5 g) was determined by Archimedes’ principle with
isopropanol as auxiliary liquid with known density[182]. The solid is weighed in air (A) and
then in isopropanol (B) using a Mettler Toledo density determination kit on a balance of type
AX205 (accuracy of 0.001 g). The density ρ [g/mL] can be calculated from the two weighings
as follows:

ρ =
A

A−B
(ρ0 − ρA) + ρA (8.4)

where ρ0 [0.786 g/mL] is the density of isopropanol and ρA is the density of air [0.0012 g/mL].

The bulk density (sample size ∼ 150 g) was measured inside a measuring cylinder of 250
mL with a diameter of 4 cm. The bulk density was measured before and after tapping the
material using a vortex (1–2 minutes) at 3000 rpm.

8.2.3.6 Thermal analysis

Water uptake of a single composite particle was measured using TGA and DSC. The particle
(sample mass varying between 30–130 mg) was dehydrated in an oven at 105 ◦C prior to thermal
analysis and was placed inside a 40 μL aluminium sample holder without lid. The water vapour
pressure was kept constant at 12 mbar during measurements and the sample was heated for 3
hours at 100 ◦C < T< 120 ◦C to dehydrate (charge). After the heating period, the sample was
cooled with 10 K/min (TGA) and 3 K/min (DSC) to 25 ◦C. TGA and DSC was performed
under air flow (300 mL/min). Details about the equipment can be found in sections 3.1, 3.2
and 3.3.

8.3 Results and discussion

8.3.1 Material characterisation

8.3.1.1 Microscopy

Composites were visually inspected using an optical microscope and Scanning Electron Mi-
croscopy (SEM). Results are presented in Fig. 8.5. The particles have specific features, which
can be related to the underlying production method. Composite (1) has an irregular shape due
to random cleavage during granulation (Fig.8.5a, b). The additive (black graphite) is indicated
by circles and is visually distinguishable from the white base material K2CO3, indicated by
arrows. Composite (2) (Fig. 8.5c) is homogeneous of consistency, as a result of fine milling
and kneading of the base material. The additive (ethylcellulose) is visually not distinguishable
and a porous structure (indicated by arrows) is noticed in SEM images. The porous structure
remains intact when the salt is partially dissolved: Fig. 8.5d shows a freeze-dried sample after
dissolution of the salt by adding water droplets. Composite (3) (Fig. 8.5e, f) is homogeneous of
consistency like composite (2), which is expected considering the milling step. SEM images show
microscopic roughness (but no pores) on the smooth tablet surface. The additive (magnesium
stearate) is visually not distinguishable.

It is noteworthy that only the shape of composite (2) is stable against deliquescence.
Fig. 8.6 shows the shape of composites when the particle is stored at an RH above 44%, the
deliquescence humidity of K2CO3 · 1.5 H2O[59]. In the case of composite (1) and (3), the salt
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Figure 8.5: SEM images of composites. Left column: grains obtained by compaction. The
additive (black graphite) is indicated by circles and is visually distinguishable from the white
base material K2CO3, indicated by arrows. Middle column: rods obtained by paste extrusion.
The additive (ethylcellulose) is visually not distinguishable and a porous ethylcellulose network
(indicated by arrows) is noticed in SEM images. Right column: tablets obtained by tablet
pressing. SEM images show microscopic roughness (but no pores) on the smooth tablet surface.

The additive (magnesium stearate) is visually not distinguishable.

dissolves and the shape of the original composite is lost. In the case of composite (2), the salt
solution leaves the porous structure of the composite and the salt recrystallises on the surface
while the rod shape remains intact.

8.3.1.2 X-ray diffraction

Structural analysis of the composites was performed to check the crystallinity and the primary
crystallite size. Composites were ground to powder using a mortar and a powder X-Ray diffrac-
tion pattern was measured. Fig. 8.7 shows the results. The diffractograms are compared to the
calculated diffractograms of known pseudopolymorphs of potassium carbonate (the anhydrous
and sesquihydrate forms). It is concluded that the diffracting volume contains mainly hydrated
potassium carbonate with a minor amount of anhydrous salt.

The peak width is indicative of the primary crystallite size under the reasonable assumption
that the crystallite shape and strain is similar for all composites[179]. Table 8.1 summarises
the relative crystallite sizes for grains, rods and tablets based on the methods of Scherrer and
Halder-Wagner. The peak widths of composite (1) were in the order of the instrumental peak
broadening, indicating crystallites > 200 nm. Therefore, the main crystallite size could not
be determined using XRD. The large crystallite size is expected, since the base material is
compacted directly without a milling step.
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Figure 8.6: Optical microscope images of grains (left column) , rods (middle column) and
tablets (right column). Top: starting material, bottom: at the process of deliquesccence.

Table 8.1: Overview of main crystallite sizes of the three composites determined using XRD.

Composite Production route Main crystallite size (nm)
Schrerrer method Halder-Wagner method

(1) Grain Compaction >200 >200
(2) Rod Extrusion 129 ± 74 68 ± 12
(3) Tablet Tabletting 197 ± 49 113 ± 19

Composites (2) and (3) have a crystallite size of 129 nm and 197 nm respectively based
on the Scherrer method applied to the indicated reflections. The Halder-Wagner method yields
68 and 114 nm respectively. The relatively small crystallite size compared to composite (1) is
expected, because the milling step in process (2) and (3) introduces defects and dislocations,
decreasing the size of the crystalline domains[183].

8.3.1.3 Pressure-Temperature phase diagram

The pressure-temperature phase diagram of a composite should not deviate from the origi-
nal phase diagram of K2CO3 in order to ensure the same thermodynamic properties. Fig.
8.8 shows the p,T phase diagrams of the composites as well as the p,T characteristic of pure
K2CO3 · 1.5 H2O. It is visible that the temperature-pressure relation of all composites is match-
ing the phase diagram of pure K2CO3 to a good extent. Based on the experimental phase
diagram, all composites in principle could reach a temperature of 59 ◦C at a vapour pressure of
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Figure 8.7: Diffraction patterns of the different composites. Reflections used in the size
analysis are indicated by the asterisk.

12 mbar (indicated by the dashed arrows). The experimental values were reproducible in duplo
and agree with the equilibrium pressures of K2CO3 in literature[94] .

8.3.2 Energy density

Energy density is of critical importance when designing a TCM and any reduction in system
volume adds to the economic feasibility of the reactor. To characterise the energy density of
the different composites, grain and bulk densities (g/mL) were measured, and recalculated to
energy density (GJ/m3). The bulk packing of the composites is shown in Fig. 8.9. Fig. 8.10
shows the result of the density measurements on single particles (•) and bulk material (�).
The physical density and the corresponding energy density is shown in the right and left axis
respectively.

Based on Fig. 8.10, grains have a significantly higher particle density compared to the
rods and tablets. Fig. 8.11 shows the calculated porosity of the composites on particle and
bulk level. The grains obtained by compaction have the lowest porosity (circa 10%), which
contributes to a high energy density. The tablets on the other hand have a porosity of circa
30%, which is unexpected based on the tabletting pressure. It is possible that the packing of
the tablet is negatively affected by the Mg-stearate. The rods have a particle porosity around
37%, which is ascribed to the use of solvent during the extrusion process.
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Figure 8.8: Pressure temperature phase diagram of the composites. Measurements were
performed in duplo. Clausius-Clapeyron fit of the data points is shown by the thin solid line.

The bulk density is generally lower than the density of the particle due to the void spaces
between particles. It is noteworthy that the inter-particle porosity of the tablet shape is the
lowest, which means that the tablet shape has a slightly better packing than grains or rods, in
accordance with literature on random close packing[184].

To investigate whether the highest density particle (composite (1)) can be optimised in
bulk packing, the effect of tapping and mixtures of small and large grains was studied. The
hypothesis is that optimal packing is reached if small and large particles are mixed in a 1:3
volume ratio[185]. In that case, the large particles should be 7 times larger than the small
particles according to literature.[185, 186]. In this way, the small particles fill the intergranular
space between the coarse particles to a maximum extent. We conclude that tapping increases
the packing density of the particles significantly for all particle sizes. In the case of 3–5 mm
grains, the bulk density increased from 0.67 ± 0.02 GJ/m3 to 0.72 ± 0.02 GJ/m3 after tapping.
It is further concluded that a better packing is obtained for a 1:3 mix of respective grain sizes
0.85–1 mm and 4–5 mm (the grain sizes are restricted by the reactor dimensions (fin spacing
and netting sizes)). The bulk density in this case increased to 0.83 ± 0.03 GJ/m3 after tapping.
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Figure 8.9: Bulk packing of grains (1), rods (2) and tablets (3).
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8.3.3 Thermal conductivity

Thermal conductivity of the composite plays a role in the heat exchange during charge and
discharge of the material. Especially in closed systems (no convection)[40], conduction through
the solid material is an important route for heat exchange. Salts are known for their low heat
conductivity in general, and the goal of this characterisation is primarily to check whether the
thermal conductivity of the composites in packed state (powder, 4) and in bulk state (particles,
∗) is in agreement with the thermal conductivity of the pure salt.

The results are summarised in Fig. 8.12. The thermal conductivity of the powder-form
composites (hydrated, 4 and dehydrated, 5) is in agreement with the thermal conductivity of
powder base material (0.21 to 0.48 Wm−1K−1). Furthermore, the values found in this study
are in agreement with experimental thermal conductivities of thermochemical salts in literature
ranging from 0.2 Wm−1K−1 (CaCl2) to 1.4 Wm−1K−1 (MgSO4 · 7 H2O)[187]. Further studies
on reactor scale should address the effect of the thermal conductivity on practical considerations
such as the power output.

It should be noted that solid-solid contact (powder packing)[188] plays a main role in heat
conductivity and the powder packing (i.e. porosity) of the sample in the flux meter probably
varies in different trials. In an exceptional case for grains (composite (1)), it was possible to
measure a relatively high thermal conductivity in powder form (0.9 Wm−1K−1 (hydrated) and
0.38 Wm−1K−1 (dehydrated)). Dehydration of the powder (5) generally lowers the thermal
conductivity. Furthermore, the bulk form (hydrated, ∗ and dehydrated, ◦) has a low heat
conductivity in general.
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8.3.4 Power output

Water uptake and release by the composite is important, because the energy is only released
effectively if the composite is able to hydrate and dehydrate in a finite amount of time. For
measuring the water uptake and release, mass change and heat flux were measured for a single
particle over 3 hours using TGA and DSC, respectively. The water vapour pressure is kept
constant at 12 mbar and the sample is heated for 3 hours at 120 ◦C to dehydrate (charge).
After the heating period, the sample was cooled with 10 K/min (TGA) and 3 K/min (DSC) to
25 ◦C.

8.3.4.1 Water uptake

Fig. 8.13 shows a typical hydration (discharging) experiment in TGA for a single grain of com-
posite (1). The mass change is recalculated to water loading. Although anhydrous base material
was used, it is visible that the sample is not completely dry at the start of the measurement.
This is because the sample hydrates partially during handling and preparation. The hydration
onset was observed at circa 43 ◦C (p = 12 mbar) (indicated by the vertical dotted line) and is
in accordance with the earlier observed metastable zone of K2CO3[62]. The hydration rate in
the first cycle is merely indicative and varies depending on the particular grain, shown in Fig.
8.13b.

8.3.4.2 Multiple cycles

For an accurate study of water uptake and power output, composite particles were charged and
discharged at a water vapour pressure of 12 mbar in a cyclic way. Fig. 8.14a illustrates a cyclic
TGA experiment for composite (1), plotted as a function of cycle number. It is visible that full
conversion (i.e. a loading of 1.5, indicated by the horizontal dotted line) is not reached in the
given hydration time (3 hours) in the first cycles. However, the hydration rate increases over
cycles and after 12 cycles, full conversion can be reached in 3 hours.

The loading in 8.14a is recalculated to power output using the hydration enthalpy of K2CO3

(62.5 kJ/mol H2O)[31]. The power output is plotted against sample temperature in Fig. 8.14b
(45 cycles are shown). Fig. 8.14c shows in addition the directly measured power output in
DSC as a function of the sample temperature (30 cycles are shown). TGA and DSC results
are in good agreement: the onset temperature is 45–43 ◦C (indicated by the vertical dotted
line) and the power output during discharge increases up to 200 W/kg over the course of cycles,
irrespective of the cooling rate (10 K/min versus 3 K/min in TGA and DSC respectively). The
dehydration rate increases over cycles (facilitated by cracks), and is visibly depending on the
heating rate. The power during charging (dehydration) is up to 1000 W/kg (DSC, 3K/min)
and up to 1700 W/kg (TGA, 10 K/min).

A similar water uptake was observed for composite (2) and (3). Fig. 8.15 is an overview of
power outputs based on TGA during hydration and dehydration of the composites. Maximum
power (4) and power at half conversion (×) are compared for grains (1), rods (2) and tablets (3).
It is noteworthy that hydration and dehydration rates are correlated: an increase in hydration
rate is accompanied by an increase in dehydration rate. Generally, the rate of hydration /
dehydration depends on the cycle number and increases over cycles, which is ascribed to surface
creation and facilitated vapour transport after cracking. Fig. 8.15 indicates that grains (1) have
a relatively fast water uptake and tablets (3) are relatively slower. However, the rate of water
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Figure 8.13: (a): Hydration experiment in TGA of composite (1), obtained by compaction
with graphite. The grain is dehydrated at 120 ◦C and hydrated by cooling down (10 K/min)
to 25 ◦C . Mass and loading are plotted as a function of time. The pressure (dotted line) and

temperature (dashed line) are plotted as well. (b): different samples of composite (1)
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Figure 8.14: a: Hydration cycles of composite (1) at p = 12 mbar and 25 ◦C , dehydration at
100 ◦C (3 hours), rehydration at 25 ◦C(3 hours). b: Power output as a function of temperature
based on TGA (45 cycles shown). c: Power output as a function of temperature based on DSC

(30 cycles shown).

uptake depends on the particular sample (i.e., the rate varies within the same composite) and
cycle number.

8.3.5 Particle stability

In order to maintain the same power output and packing density over multiple cycles, shape
stability of the TCM is important. Pulverisation or clogging of the particle are undesirable, since
this can affect the permeability of the bed and the performance of the complete reactor[79]. In
order to compare the particle stability of the composites during charge / discharge, microscope
images were taken over the course of hydration cycles in TGA and DSC. The composite particles
were visually inspected and the particle cohesion was observed by shaking the composite three
times inside a plastic vial. Fig. 8.16 shows an overview of typical pictures taken over the course
of hydration cycles.

Clogging of composites is not observed during hydration cycles. Furthermore, the particle
stability of composites (1) and (2) is relatively high and sustains to at least 250, respectively
345, cycles without pulverisation. The large changes in volume however, cause cracking (visible
in Fig. 8.16 after 35 cycles, indicated by arrows).
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Figure 8.15: Overview of power outputs based on TGA during hydration and dehydration
of the composites obtained by (a, b): compaction, (c, d): extrusion and (d, e): tabletting.

Maximum power (4, 5) and power at half conversion (×, +) are shown.
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Grains obtained by compaction with graphite (1) (8.17a) have relatively high particle
cohesion: the cracked domains (8.17b) remain together after shaking, with a minor amount of
dust formation (8.17c). Composites obtained by paste extrusion with ethylcellulose (2) (8.17d)
have a similar performance (8.17e, f) with less dust formation on the surface of the particle.
In composite (2), the ethylcellulose network as backbone provides probably additional cohesion
compared to compacted composite (1). For multicyclic use in a reactor, composites (1) and (2)
fulfil the requirements on particle stability. Studies on packed beds should provide insight on
the cyclic stability of the composite on reactor scale.

The tablet (3) (8.17g) on the other hand does not survive the cracking (8.17h) and pul-
verises after 25 cycles (8.17i). Therefore, composite (3) is not regarded as a safe option for
multicyclic use in a reactor. It is possible that the additive magnesium stearate looses binding
stability over cycles. The binding properties of magnesium stearate are closely related to the
primary particle size and shape of the compressed material[189], which may change over cycles.

8.4 The optimal composite

In this section, the characterisation results are summarised focussing on design rules for ob-
taining the optimal composite in the present context. The thermochemical performance of the
investigated composites is summarised in Table 8.2.

In general, compaction with graphite (1) is a promising route for obtaining high energy
density particles, which are mechanically stable. 1 m3 of this composite material corresponds to
33–216 kW with a total energy of 0.67 GJ. Considering that the yearly mismatch in heat supply
and demand is circa 10 GJ when using solar panels[80], 20 cycles of charge and discharge with
1 m3 composite material contributes significantly in heat storage. This consideration is based
on an average dwelling in the Netherlands with a floor area of 120 m2, with the passive house
standard of 15 kWh/m2 for newly built houses and 28 kWh/m2 in renovated houses[90, 91].

We conclude that the binding properties of the additive affects the particle packing as well
as its stability and thermal conductivity. High pressure compaction with graphite (1) yields
particles with the lowest porosity (<10%) and contributes to a high energy density (up to 0.83
GJ/m3 when optimised with a bimodal size distribution). Although composite (3) (additive
Mg-stearate) is compacted with similar pressure, the particle porosity is higher. Secondly, the
shape of the composite particle affects the inter-particle porosity. Composite (3) (tablet shape)
has a lower inter-particle porosity than composite (1). Therefore, using graphite as additive (1)
for compaction in the shape of convex discs (3), could improve the bulk density of 1.13 g/mL to
1.6, g/mL which would raise the energy density from 0.67 ±0.02 to 0.95±0.07 GJ/m3. This is
higher than the energy density obtained by making a bimodal mixture of irregular grains (0.83
± 0.03 GJ/m3). It is further noted that the porosity of the particles increases over hydration
cycles.

Considering the particle stability of compacted grains (1), cracking and dust formation
can be minimised by using other additives than graphite during compaction, e.g., ethylcellulose
(water insoluble additive) or methylcellulose (water soluble additive). Additionally, thin layer
coating of the granule is a way to prevent dust formation. Although paste extrusion (2) provides
space to further improve the mechanical stability of the composite, the low energy density is
a bottleneck: formulations and extrusion protocols which lead to a lower porosity should be
investigated. Compaction (tablet pressing) with Mg-sterate as binder (3) is not preferred, due
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Figure 8.17: Cracking of grains (1) (sample 2 in Fig. 8.16), rods (2) (sample 2 in Fig. 8.16)
and tablets (3), after cycles. The white scale bar indicates 1 mm. Figure (b) shows a only a

part of the initial grain in Fig. (a).

to insufficient mechanical stability of the tablets. It is likely that Mg-stearate has poor binding
with K2CO3.
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Table 8.2: Overview of the thermochemical performance of composites. *The power output
depends on the cycle number.

Composite 1 2 3

Production method Compaction Paste extrusion Tablet pressing
Compaction pressure 104 MPa n/a 260 MPa
Particle porosity (%) 6–16 34–40 27–35
Inter-particle porosity (%) 39-54 32-42 14-26
Bulk density (g/mL) (%) 1.13 ±0.06 0.58 ±0.06 1.10 ±0.06
Bulk energy density (GJ/m3) (single size grains) 0.67 ±0.02 0.32±0.02 0.63±0.05
Bulk thermal conductivity (W/m−1K−1) 0.24 ±0.01 0.13 ±0.01 0.17 ±0.01
Measured number of cycles with stable shape >250 >345 <25
Power output at half conversion (W/kg) * 33-216 59-124 11-48
Maximum power output (W/kg) * 90–254 130–187 38–120

8.5 Conclusion

Composites based on K2CO3 have been successfully manufactured in the shape of grains (1),
rods (2) and tablets (3) following production routes that have potential for upscaling to in-
dustrial level. The particle stability of composites depends mainly on the production method:
compaction with graphite (1) and paste extrusion with ethylcelluslose (2) ensure stability of
the composite particle to at least 250 cycles without pulverisation. Tablets compacted with
Mg-stearate (3) on the other pulverise after 25 cycles.

We conclude that high pressure compaction with graphite (1) is the industrial route which
yields the most optimal composite, with high energy density (0.64–0.83 GJ/m3) and particle
stability (>250 cycles). Based on particle stability results of extruded rods (2), ethylcelluloce
and methylcellulose as additive or coating of the particles is expected to provide additional
shape stability to the composites. Finally, we note that an energy density of 0.95 GJ/m3

should be achievable if compaction with graphite (1) is performed in the form of convex discs
(tablet-shape).



Chapter 9

Conclusions and outlook

9.1 Conclusions

The aim of this thesis was to translate the fundamental properties of salt hydrates into the
development of a compact and stable thermochemical material (TCM). To this end, we have
focused on the hydration (water uptake) of salts.

The hydration rate of many salts is typically limited in conditions close to equilibrium.
In this work, we introduced the concept of metastability in describing the rate limitation. We
postulated that nucleation forms a barrier for hydration in near-equilibrium conditions and
laid the foundation for increasing the power and temperature output in thermochemical heat
storage, by using additives for enhancement of nucleation and mobility in the salt crystal.

We started our study with a critical review of potential hydration reactions for heat storage
application. As a result, potassium carbonate (K2CO3) was selected as the most promising salt
for heat battery application in domestic use based on price, safety and stability against melting
and degradation. (Chapter 4). Equilibrium data of 563 hydration transitions were evaluated
in order to find an affordable, safe and stable salt for the purpose of space heating and hot
tap water. The salt should have a hydration temperature of at least 50 ◦C when exposed to
an evaporator of 10 ◦C and a dehydration temperature of below 100 ◦C when exposed to a
condenser of 18 ◦C. The water temperature in the evaporator / condenser is assumed between
10–18 ◦C on the basis of ambient water temperatures in winter and summer. The dehydration
temperature is assumed to be 100 ◦C assuming solar collectors based on water. K2CO3 has a
hydration temperature of 59 ◦C and a dehydration temperature of 65 ◦C under the mentioned
boundary conditions, with a material energy density of 1.3 GJ/m3. We have concluded that
K2CO3 is suitable for the purpose of space heating while it can serve simultaneously in peak
shaving or storing waste heat, e.g. on weekly basis.

We continued our research with a fundamental study of the power output of K2CO3 and
other salts, using thermal analysis in Chapter 5. We have shown that the discharge power
of K2CO3 is limited due to metastability of the anhydrous phase. This leads to a decrease
of the hydration temperature by circa 10 K. That means, in winter conditions, the hydration
temperature is circa 48 ◦C, instead of the expected 59 ◦C. We proposed that salt hydration
in general proceeds as a solid-solid phase transition in a mobile wetting layer. We further
hypothesised a two-step mechanism for hydration, which includes (1) water adsorption onto
the wetting layer and (2) hydrate formation (Chapter 6). We have argued that a steady
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state holds between processes (1) and (2). As a result, the hydration is nucleation limited at
low supersaturations (in the metastable zone) and diffusion limited at high supersaturations
(outside the metastable zone). The hypothesised two-step mechanism was supported by kinetic
models using a thermodynamic driving force inside the metastable zone and a diffusion driving
force outside the metastable zone.

We concluded our research by focussing on the heat storage application, addressing the
stability of K2CO3 over multiple cycles of charge/discharge. In Chapter 7, the chemical
stability of K2CO3 was studied. We have shown that K2CO3 absorbs, besides water, also CO2

in humid air atmosphere at temperatures below 40 ◦C with formation of KHCO3. However,
this does not significantly affect the energy density of the compound, because the absorption
of CO2 is reversible. In order to prevent KHCO3 formation during long periods of battery
rest, K2CO3 should be stored in dry atmosphere. In Chapter 8, we performed pioneering
work on shape stabilisation of K2CO3 particles. Here, three industrially up-scalable production
routes for K2CO3 composites were presented: (1) compaction with graphite, (2) paste extrusion
with ethylcellulose and (3) tablet pressing with Magnesium stearate. The resulting particles
were characterised on packing density, particle stability and hydration kinetics. From the three
manufacturing trials, compaction with graphite (1) yields the best result. The particle retains
shape stability up to 250 cycles. The achievable energy density on bed level is 0.95 GJ/m3,
which amounts 73% of the maximum achievable energy density.

9.2 Outlook

New insights and questions have arisen based on the results obtained in this work. Here we will
therefore suggest several directions for further research and reflect on the present work.

9.2.1 The mechanism of hydration

We note that the use of additives[190] and dopants on K2CO3 is being studied at the moment,
with the goal to increase the mobility and hydration rate of the salt.

In this section, we will focus on the mechanism of hydration of pure salts. For a better
understanding of the hydration process, the separate effects of thermodynamic contributions
(driving force) and kinetic contributions (mass transport, molecular mobility) should be studied.
Any potential effect lays the foundation for developing strategies to increase the power output.
We note that it is necessary to study the continuum of hydration and dehydration, for a full
understanding of the hydration mechanism.

In order to test whether mass transport is accelerating nucleus formation, we propose to
study the metastable zone in TGA at different flow speeds of humid air. It is necessary to pre-
heat the purge air for temperature homogeneity. In these experiments, the sample temperature
and vapour pressure should be the same at different flow speeds, for accurate comparison. Fig.
9.1a shows a preliminary experiment of the induction time at an oven temperature of 43 ◦C
and p = 6 mbar as a function of the air flow speed (not pre-heated). Here it is visible that
the sample temperature (and as a result, the driving force) is not the same for each flow speed,
which prevents accurate comparison of the results.
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Figure 9.1: (a): The influence of the flow speed on the induction time of K2CO3. Set
temperature 43.5 ◦C, p = 6 mbar. Flow speeds are indicated by number, stepwise increase:
2–7 and decrease 7–3 corresponding to 200–700 mL/min and 700–300 mL/min. (b): Sample
temperature and resulting supersaturation at different flow speeds. The temperature deviation
due to the room temperature flow has a significant effect on the sample temperature and thus

local supersaturation. The arrows indicate visible induction times.



148 Chapter 9 Conclusions and outlook

It is further noted that metastability may change over cycles of hydration/dehydration. In
order to investigate the multi-cyclic response of the induction time, we suggest to study the
metastable zone after many (> 100) cycles. Especially for K2CO3 there are indications that the
induction time is shorter for cycled material[191].

In order to understand the effect of mobility on the reaction rate in salt hydration, we
suggest to study the ion mobility of salts by performing electrical conductivity measurements
as a function of vapour pressure[192]. An intriguing question here is whether the change in
electrical conductivity (i.e., ionic mobility) coincides with the metastable zone boundary. A
second question is whether the change in electrical conductivity is gradual or rather discrete as
a function of vapour pressure. A discrete change points towards a phase-transition like behaviour
of the mobility. The phase diagram of K2CO3 in Fig. 9.2 illustrates different vapour pressures
at which electrical conductivity measurements can be performed. It should be noted that the
pressures are situated inside and outside the metastable zone.

0

Figure 9.2: Phase diagram of K2CO3. An increase in water / ion mobility is expected from
pressure (-2) to pressure (+2). The metastable zone is hatched.
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Figure 9.3: (a): The expected mobility and driving force at pressures (-2)–(+2) indicated
in the phase diagram in Fig. 9.2. (b): The expected reaction rate for hydration (solid line)
and dehydration (dotted line) as a function of pressure. The dehydration rate shows a max-
imum based on mobility arguments. It is noted that the dehydration rate in vacuum shows
an unexpected maximum at supersaturations close to equilibrium for some salts, known as the

Smith-Topley effect[193, 194].

It is expected that the ion mobility increases with increasing vapour pressure for all salts.
As a result, a cooperative mechanism exists between mobility and driving force in the case
of hydration. That is, the hydration rate increases monotonically with the vapour pressure
(solid curve in Fig. 9.3b). On the other hand, a non-cooperative mechanism exists in the case
of dehydration. That is, the dehydration rate might show an anomaly, with a rate increase
towards equilibrium, due to increased mobility (indicated by the arrow, dashed curve in Fig.
9.3).

An increase of the dehydration rate, with increasing water vapour pressure, p, was first reported
by Topley and Smith in 1931[195]. Lvov[196] has addressed this phenomenon in detail, showing
various other salt examples and describes the first observation by Topley and Smith as follows:
”In contrast to the expected monotonous decrease of the rate with increasing Pw, the dehydration
rate, on reaching a certain critical pressure (about 0.1 Torr), begins to increase, passes through
a maximum (about 1 Torr), and then decreases (Figure 9.4)”. Our model of non-cooperativity
between mobility and driving force could be an explanation of the Smith-Topley effect, and
contributes to our understanding of the effect of mobility on the reaction rate in salt hydra-
tion. Although the Smith-Topley effect is not yet fully understood, some studies hypothesise
that water vapour may catalyse ionic movements and cause faster recrystallisation of the solid
product in the case of dehydration[194].
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Figure 9.4: The Topley–Smith effect. The dehydration rate of MnC2O4 · 2 H2O at 76 ◦C in
the presence of water vapour, redrawn based on[197]. p is the water vapour pressure.

Finally, for a comprehensive understanding of the hydration process in relation to metasta-
bility, but also in relation to salt creeping and shape stability, salt wetting should be studied. A
wetting layer is expected based on arguments of hygroscopicity and mobility, but has not been
observed directly.

For direct observation of wetting or surface reorganisations during dehydration, we propose
AFM studies on a flat crystalline surface of the hydrated phase at the different pressures. That
is, below the equilibrium phase line, above the equilibrium phase line, as well as at equilibrium.
The hydrated phase is usually grown as a single crystal out of solution and is therefore very
suitable for AFM. The noncontact Scanning Polarisation Force Microscopy (SPFM) imaging
described by Salmeron et al.[198, 199] is ideally suited for studies of ion solvation, mobility and
exchange on salt surfaces.

For direct observation of wetting or surface reorganisations during hydration, AFM studies on
flat anhydrate phase surfaces should be performed. This is possible by tabletting polycrystalline
anhydrous phase powder to a microscopically flat specimen. Another option is to grow a single
crystal of the anhydrous phase. This is not trivial compared to the hydrated phase. Yet,
there are two possible ways to obtain single crystals of the anhydrous phase: (1) growth from
solution by solvent evaporation at temperatures above the peritectic point (indicated in the
phase diagram in Fig. 9.5 by arrow (1)) or (2): by melting anhydrous K2CO3 and cooling
down for melt crystallisation (Fig. 9.5, arrow (2)). Slow evaporation and slow cooling might be
needed to obtain faceted and defect free crystals.
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Figure 9.5: Crystallisation conditions to obtain anhydrous K2CO3 single crystals. Right from
the peritectic point (at T > 150 ◦C), K2CO3 single crystals are expected.

9.2.2 Revisiting salt selection on the basis of the metastable zone

The equilibrium hydration temperature of salts is not always a reliable parameter to select
for heat storage application. Metastability should be added into consideration for a proper
selection on the hydration temperature. For a first estimation of metastability, the solubility of
the salt may be considered as parameter. That is, the stoichiometric amount n of H2O needed
to dissolve one salt unit MX. The idea is that the salt hydrates rapidly if the composition of
the hydrated phase (i.e. the number of water molecules per salt unit in the hydrated phase, b)
is similar to the composition of the mobile phase (i.e., the number of water molecules per salt
unit in the dissolved phase, n). Therefore, it is expected that salts with n� b are metastable.
The effective hydration temperature might be circa 10 K below the equilibrium temperature
for these salts. Fig. 9.6 shows the correlation between n/b and the metastable zone width for
various compounds reported in the literature. The calculation of n [mol H2O / mol MX] is as
follows:

n = cwMα/s (9.1)

where cw is the molar concentration of water [5.55 mol/ 100mL], Mα [g/mol] is the molar mass
of the anhydrate and s [g/ 100mL] is the amount of grams of anhydrous salt MX in a saturated
solution of the salt.
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We further note that we restricted the salt selection by choosing certain boundary con-
ditions. The present boundary conditions are based on ambient water temperatures in winter
and summer (10 – 18 ◦C) for the evaporator / condensor. However, the evaporator tempera-
ture could be readily elevated to e.g. 25 ◦C by making use of a heat pump. With a slightly
higher evaporator temperature, more salts come into view, which meet the required minimum
hydration temperature of 50 ◦C. However, special care might be needed considering melting or
deliquescence at higher vapour pressures. For K2CO3 for example, the hydration temperature
elevates to 62 ◦C, but a minimum temperature of 40 ◦C is needed to prevent deliquescence.
Furthermore, we limited the charging temperature to 100 ◦C considering conventional solar col-
lectors based on water. Other types of solar collectors can be considered, which can heat up to
200 ◦C[202, 203], leading to a larger number of suitable salts.

9.2.3 Stabilisation of salt hydrates

The stabilisation trials in this work focused on creating coherence (i.e., mechanical stability)
and high density (i.e., energy density) in powders. However, this method does not mitigate the
eventual pulverisation after many cycles or deliquescence.
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In order to tackle (or delay) eventual pulverisation, additional additives besides graphite
may be necessary. This could be in the form of a binder through the particle, or as a coat-
ing around the particle. Based on the present study, cellulose-ethers could provide additional
stability. However, a critical review on potential binders for shape stabilisation is strongly
suggested.

In order to stabilise against deliquescence, the best strategy is probably to use deliques-
cence to our advantage by impregnating the salt in meso- or macro-porous matrices. Hydration,
deliquescence and continued water absoprtion will contribute to the energy density of the re-
sulting material. In these salt-impregnated matrices, the matrix acts like a separation between
individual salt domains, which prevents clogging.

Finally we note that the mechanical stability of future composites should be studied on
bed level, for a realistic estimation of the stability in heat storage application. This is possible
by heating and cooling the bed in the presence of water vapour over multiple cycles.





Appendix A

XRD Analysis of salt hydrates

A.1 XRD protocol

Samples were ground using a mortar and were placed inside a 0.8 mm Nickel sample holder for
measurement in the Anton-Paar stage.

X-ray diffraction was performed using a Rigaku diffractometer in continuous scan mode
with a divergent slit of 0.625◦ using a D/teX Ultra2 detector and Kβ filter. The setup was used
in reflection mode with a step width of 0.02 degree and a scan speed of 10 degrees per minute.
The sample was positioned inside an Anton-Paar stage at 30 ◦C. The stage was heated up to
120 ◦C and cooled down to 30 ◦C in steps of 5 ◦C. At every step, a new diffractogram was
measured (measuring time circa 6 minutes) after the set temperature was reached (1 minute).
The temperature program is schematically shown in Fig. A.1. The sample surface, which is
primarily probed in reflection mode, is hygroscopic and hydrates inside the stage.

Figure A.1: Schematic illustration of the temperature steps in XRD. The time for each step
is circa 7 minutes (heating ramp (1 minute) and measurement (6 minutes)).
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A.2 XRD results and related details

A.2.1 Potassium carbonate

Fig. A.2 shows series of diffractorgrams during heating and cooling of K2CO3 · 1.5 H2O. The
starting material at 30 ◦C is crystalline K2CO3 · 1.5 H2O (peaks indicated with ◦) and dehydrates
fully (heated to 140 ◦C), with the resulting structure K2CO3. K2CO3 · 1.5 H2O is obtained as
final structure after cooling back to 25 ◦C. Crystal faces of the α and β phase (indictaed by
circles) are indexed in the diffractograms.

A.2.2 Copper chloride

Fig. A.3 shows series of diffractorgrams during heating and cooling of CuCl2 · 2 H2O. The
starting material at 30 ◦C is crystalline CuCl2 · 2 H2O (peaks indicated with ◦) and dehydrates
fully at 120 ◦C, with the resulting structure CuCl2. A mixture of CuCl2 and CuCl2 · 2 H2O
is obtained as final structure after cooling back to 30 ◦C. Crystal faces of the α and β phase
(indictaed by circles) are indexed in the diffractograms.

Crystallite size analysis was performed on de starting material (CuCl2) and the hydrated
material (CuCl2 · 2 H2O) (Fig. A.4). We observe a larger crystallite size for the hydrated
material. The primary crystallite size of the hydrated phase is in accordance with the size
expected based on the volume expansion of the starting material. The observation suggests
that primary crystallites retain their original morphology after the phase transition.

A.2.3 Magnesium chloride

Fig. A.5 shows series of diffractorgrams during heating and cooling of MgCl2 · 6 H2O. The
starting material at 30 ◦C is crystalline MgCl2 · 6 H2O (peaks indicated with ◦) and dehydrates
fully at 120 ◦C, with the resulting structure MgCl2 · 4 H2O. A mixture of MgCl2 · 4 H2O and
MgCl2 · 6 H2O is obtained as final structure after cooling back to 30 ◦C. Crystal faces are indexed
in the diffractograms.

A.2.4 Lithium chloride

Fig. A.7 shows series of diffractorgrams during heating and cooling of LiCl ·H2O. The starting
material at 30 ◦C is a mix of crystalline LiCl and LiCl ·H2O (peaks of LiCl ·H2O are indicated
with ◦). The sample dehydrates fully at 120 ◦C, with the resulting structure LiCl. A mixture
of LiCl and LiCl ·H2O is obtained as final structure after hydration at 30 ◦C. Crystal faces are
indexed in the diffractograms.
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Figure A.4: Primary crystallite size of CuCl2 based on the Schrerrer equation applied to the
indicated hkl-planes. Starting material: anhydrous copper chloride.



160 Appendix A XRD Analysis of salt hydrates

F
ig
u
r
e
A
.5
:

X
R

D
d

iff
ractogra

m
s

o
f

M
g
C

l2
a
s

a
fu

n
ctio

n
o
f

tem
p

era
tu

re.
T

h
e
β

p
h

ase
p

eak
s

are
in

d
icated

b
y

circles.



Appendix A XRD Analysis of salt hydrates 161

Figure A.6: Primary crystallite size of MgCl2 based on the Schrerrer equation applied to the
indicated hkl-planes. Starting material: magnesium chloride hexahydrate.
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Appendix B

Elaboration on the phase diagram of
salt hydrates

B.1 Phase diagram of additional compounds
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Figure B.1: Phase diagram of CaCl2. The solid line indicates the phase line based on
literature[111].
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Figure B.2: Phase diagram of Ba(OH)2

B.2 DSC measurements

Incongruent melting of K2CO3 · 1.5 H2O and CuCl2 · 2 H2O was measured using a differential
scanning calorimeter of type Mettler-Toledo DSC25 under dry nitrogen (100 mL/min). Ap-
proximately 40 mg of sample was placed inside a Setaram fluid-tight high pressure Incoloy
crucible resistant to 600 ◦C and 500 bars. The sample was heated up to a maximum temper-
ature of 450 ◦Cand cooled back to room temperature with a rate of 2 K/min for three times.
Reproducible endothermic and exothermic signal was interpreted as liquefaction and subsequent
crystallisation of the compound in the presence of its water vapour. For further details about
the equipment, we refer to Chapter 3.

Incongruent melting of MgCl2 · 6 H2O and LiCl ·H2O was measured using a differential
scanning calorimeter of type Mettler-Toledo DSC820e under dry nitrogen (50 mL/min). Ap-
proximately 5 mg of sample was placed inside a 40 μL standard aluminum pan with sealed lid.
No holes were pricked in the lid to ensure melting (instead of dehydration). The sample was
heated up to a maximum temperature of 125 ◦C to prevent pan deformation and was cooled
back to room temperature with a rate of 5 K/min. Reproducible endothermic and exothermic
signal was interpreted as liquefaction and subsequent crystallisation of the compound in the
presence of its water vapour.

Table B.1 shows an overview of the DSC results. For all salts (except LiCl ·H2O) sub-
cooling is observed for crystallisation. Figures B.3-B.6 show the measured thermograms.
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Table B.1: Overview of the peritectic point measurements for salts investigated in Chapter 5.

Salt sample mass Heat Endo Heat Exo Onset Endo Onset Exo
mg J/g ◦C

K2CO3 · 1.5 H2O 59.52 95.5 91.0 149.5 96.6
CuCl2 · 2 H2O 26.87 108.5 101.9 214.5 197.4
MgCl2 · 6 H2O 5.11 180.9 (lit: 168.6[204]) 129.7 116.8 (lit: 116.7[204]) 81.5
LiCl ·H2O 3.43 149.4 117.2 94.3 (lit: 93–96.6[205, 206]) 92.9
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Figure B.3: DSC curve of K2CO3 · 1.5 H2O (2 K/min). A well-defined melting /crystallisa-
tion peak is observed. The integrated area under the curve is indicated in grey. Experiment

performed in duplo.

The peritectic points as measured using DSC are included in the phase diagram of the
salt hydrates (Figures B.7–B.10). Equilibrium measurements of hydration (�) are included and
fitted with the solid line. Deliquescence measurements (4) and literature values of deliquescence
(H) are fitted with the dotted line. Literature values of incongruent melting of the α phase (�)
is included. TGA onset points for hydration and dehydration are indicated as well (◦).
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Figure B.4: DSC curve of CuCl2 · 2 H2O (2 K/min). A broad melting / crystallisation signal
is observed. The integrated area under the curve is indicated in grey. Experiment performed

in triplo.
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Figure B.5: DSC curve of MgCl2 · 6 H2O (5 K/min). A well-defined melting peak is ob-
served. Two subsequent crystallisation peaks are visible. The integrated area under the curve

is indicated in grey.
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Figure B.6: DSC curve of LiCl ·H2O (5 K/min). A well-defined melting peak is observed. Two
subsequent crystallisation peaks are visible. The integrated area under the curve is indicated

in grey.
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B.3 Phase diagrams

 Metastale zone boundary
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Figure B.7: Phase diagram of K2CO3. Data points from measurements are indicated by open
symbols. Data point from literature are indicated with solid symbols[61].
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Figure B.8: Phase diagram of CuCl2. Data points from measurements are indicated by open
symbols. Data points from literature are indicated with solid symbols[96].
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Figure B.9: Phase diagram of MgCl2. Data points from measurements are indicated by open
symbols. Data points from literature are indicated with solid symbols[60, 61, 207].
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Figure B.10: Phase diagram of LiCl. Data points from measurements are indicated by open
symbols. Data points from literature are indicated with solid symbols[59, 206].



Appendix C

Kinetic models of salt hydrates
based on NPK Analysis

Hydration enthalpies (∆rH stands for the hydration enthalpy per mole salt) are calculated
from p,T data published in a previous study [62] using the basic thermodynamic equation
for equilibrium between a condensed phase (solid or liquid) and the vapour phase of a pure
substance, under conditions of low pressure [70].

The work-flow for deriving a kinetic model is as follows:

1. Pre-processing of experimental data: Consistency checks, compensation of measurement
artefacts, smoothing, calculation of conversion and conversion rate.

2. Selecting variables. These usually are conversion, temperature and a characteristic driving
force, depending on the rate limiting step.

3. Selecting a modelling grid and decomposing the experimental data into the contributions
of each variable with the tensor NPK method.

4. Evaluation of the output: Numerical accuracy, residuals, consistency with theory.
5. Post processing: Fitting of reaction models and determining Arrhenius parameters.

C.1 NPK analysis of various salt hydrates

C.1.1 Potassium carbonate
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(a) Non-isothermal

(b) Isothermal (batch 3)

(c) Isothermal (batch 2)

(d) Isothermal (batch 1)
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C.1.2 Copper chloride

CuCl2 + 2H2O −−→←−− CuCl2 · 2 H2O

∆rH = −122.88kJ/mol

(a) Chemical reaction model

(b) Diffusion model
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C.1.3 Magnesium chloride

MgCl2 · 4 H2O + 2H2O −−→←−− MgCl2 · 6 H2O

∆rH = −113.76kJ/mol

(a) Chemical reaction model

(b) Diffusion model



Appendix C Kinetic models of salt hydrates based on NPK Analysis 175

C.1.4 Lithium chloride

LiCl + H2O −−→←−− LiCl ·H2O

∆rH = −58.170kJ/mol

(a) Chemical reaction model

(b) Diffusion model

C.2 Isobaric experiments

Isobaric cooling experiments were performed in order to analyse the hydration rate as a function
of the thermodynamic driving force ln p/peq and the diffusion driving force p − pf . A typical
hydration curve of an isobaric experiment is plotted in Figure C.5. The p-T -conditions of the
experiment are displayed in the phase diagram in Figure C.5a. In this experiment, the partial
water vapour pressure p is fixed at 7 mbar and the sample is heated to T >100 ◦C for dehydration.
Figure C.5b shows the corresponding thermogram. After reaching a full anhydrous state (1),
the sample was cooled down with a rate of 0.1 K/min. The hydration onset at 38 ◦C, point (2),
corresponds to the MZB at 7 mbar. The hydration rate increases to a maximum, point (3), as
a result of lowering the temperature (i.e. increasing distance from equilibrium) and decreases
when the conversion is almost complete.
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Figure C.5: (a): p,T- phase diagram of K2CO3 indicating the experimental conditions of
a typical isobaric experiment. (b): Hydration experiment in the isobaric conditions shown in
(a). The sample is dehydrated at T >100 ◦C and p= 7 mbar. After reaching the anhydrous
state, point (1), the sample is cooled down with a rate of 0.1 K/min to induce hydration. The

hydration onset (2) and maximum rate of conversion (3) are indicated.



Appendix D

Metastable zone widths and
solubilities of salt hydrates

Table D.1: Overview of salt hydrates: solubilities, hydration states of the initial and final
phase and metastable zone widths (MZW)

Salt solubility Reference lowest hydrate highest hydrate MZW Reference
MX n H2O/MX n H2O/MX n H2O/MX K

Ba(OH)2 193.7 [208] 0 1 21 This work
BaCl2 31.2 [209] 1 2 8 [139]
CaCl2 7.58 [209] 1 2 2 This work
CaSO4 3678.2 [210] 0 0.5 22 [200]
CaSO4 3678.2 [210] 0 0.5 13 [200]
CuCl2 9.85 [211] 0 2 9 This work
CuSO4 40.35 [211] 0 1 62 [200]
CuSO4 40.35 [211] 3 5 5 [120]
K2CO3 6.88 [211] 0 1.5 13.2 This work
LiCl 2.78 [212] 0 1 0.8 This work
LiOH 10.64 [211] 0 1 8.75 [201]
Li2SO4 32.11 [211] 0 1 17.5 [120]
MgCl2 9.43 [209] 2 4 14 This work
MgCl2 9.43 [209] 4 6 2 This work
MgSO4 18.72 [211] 0 1 12.5 [51]
MnBr2 7.88 [208] 0 1 31 [200]
MnBr2 7.88 [208] 1 2 10 [200]
Na2S 20.99 [211] 2 5 1 This work
Na2S 20.99 [211] 0 2 8 This work
Na2SO4 28.04 [209] 0 1 10 [51]
SrBr2 12.83 [208] 0 1 12.8 [200]
SrCl2 16.08 [209] 0 1 73 [200]
SrCl2 16.08 [209] 0 1 59 [200]
ZnSO4 15.52 [211] 0 1 82 [200]
ZnSO4 15.52 [211] 0 1 15 [200]
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Summary

Currently we are in the midst of an energy transition, changing our energy production and
consumption systems. The energy transition is necessary, because of global problems such as
air pollution, climate change and the depletion of fossil fuels. Low carbon energy use is promoted
at the moment by means of solar thermal collectors, windmills, connection of houses to district
heating grids and electrical heating options, such as heat pumps.

Our residential energy consumption is primarily in the form of heat. The remaining, minor part
is based on electrical energy. All-electric renewable energy for households would require large
powers and expensive grid reinforcements to anticipate peak demands in heat and electricity.
This has drastic consequences on our existing infrastructure and built environment. Energy
storage in the form of heat is a cheap and flexible solution within the existing energy infrastruc-
ture. Heat storage can mitigate peak demands of heat without overloading the electricity grid.
It can be used in both a centralised and decentralised way and can accommodate the periods
without production of renewable energy.

The current challenge in decentralised, local heat storage is to develop an economically afford-
able, compact heat battery on single house level, which can be charged/discharged daily and
can provide heat when there is temporarily no renewable energy at hand. Thermochemical heat
storage is a promising concept to this end and is based on the reversible absorption of a gas.
The thermochemical material is in charged state in the absence of the gas and can be discharged
by means of absorption of the gas. In this way, the heat is stored in loss-free manner. Thermo-
chemical heat storage has a typical energy density of 1-2 GJ/m3, ten times higher compared to
water.

In this thesis, we focus on salt hydrates as thermochemical materials which release heat
upon absorption of water (hydration). The hydration rate of many salts is typically limited
in conditions close to equilibrium. In this work, we introduce the concept of metastability
in describing the limitation in hydration. We postulate that nucleation forms a barrier for
hydration in near-equilibrium conditions and lay the foundation for increasing the power and
temperature output in thermochemical heat storage, by using additives for enhancement of
nucleation and mobility in the salt crystal.

In Chapter 4, we present a review of potential hydrate reactions for domestic heat battery
application. A total number of 563 hydration transitions is evaluated in order to find salts with
a hydration temperature of above 50 ◦C and a dehydration temperature of below 100 ◦C. The
temperature boundaries for (de)hydration are on the basis of typical ground water temperatures
in winter (10 ◦C) for hydration and summer (18 ◦C) for dehydration. The heat is provided using
solar collectors with water as medium (i.e. a maximum dehydration temperature of 100 ◦C).
Besides the technological boundary conditions, also information on price, chemical stability,
reaction kinetics and safety is considered. As a result, K2CO3 is selected as the most promising
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salt for heat battery application in domestic use. K2CO3 has a hydration temperature of 59 ◦C
when exposed to water vapour saturated at 10 ◦C and an energy density of 1.3 GJ/m3.

After the material selection, the hydration mechanism of K2CO3 and other salts is studied
in Chapter 5 using thermal analysis. We show that the discharge power of K2CO3 is limited
due to metastability of the anhydrous phase. We also propose a generic hydration mechanism
for salts on the basis of induction time analyses according to classical nucleation theory. In this
chapter, it is hypothesised that salt hydration proceeds as a solid-solid phase transition in a
mobile wetting layer. The new crystalline phase nucleates in this wetting layer.

The rate-limiting step in the hydration process is studied in Chapter 6. We propose a two-step
mechanism for hydration, which includes (1) water adsorption and (2) hydrate precipitation.
We assume that processes (1) and (2) are in momentarious balance. As a result, the hydration
is nucleation limited at low supersaturations (in the metastable zone) and diffusion limited at
high supersaturations (outside the metastable zone).

After investigating the hydration mechanism of K2CO3, the cyclic stability is addressed
in Chapter 7. We show that K2CO3 absorbs, besides water, also carbon dioxide from the
atmosphere at temperatures below 40 ◦C with formation of the more stable product KHCO3.
However, this does not significantly affect the power output and energy density of the compound
over cycles, because the absorption of CO2 is reversible.

In Chapter 8, we present manufactured composites of K2CO3. Here, three industrially up-
scalable production routes with specific binders are shown and the resulting composite particles
are characterised on packing density, hydration/ dehydration kinetics and particle stability. We
show that compaction with graphite significantly improves the particle coherence and demon-
strate that the compacted grain retains its shape after 250 cycles. We further conclude that an
energy density of 0.95 GJ/m3 of the bed should be achievable if compaction with graphite is
performed in the shape of tablets.



Samenvatting

Momenteel bevinden we ons in een energietransitie; we veranderen onze systemen voor en-
ergieproductie en -verbruik. De energietransitie is noodzakelijk vanwege globale problemen zoals
luchtvervuiling, klimaatverandering en de uitputting van fossiele brandstoffen. Het gebruik van
koolstofarme energie wordt op dit moment bevorderd door middel van zonnecollectoren, wind-
molens, aansluiting van huizen op stadsverwarmingsnetwerken en elektrische verwarmingsmo-
gelijkheden, zoals warmtepompen.

Ons energieverbruik in woningen is voornamelijk in de vorm van warmte. Het resterende, kleine
deel is gebaseerd op elektrische energie. Hernieuwbare energie uitsluitend in de vorm van elek-
trische energie zou grote vermogens en dure netverzwaringen vereisen om te voorzien in piekvra-
gen naar warmte. Deze netverzwaringen hebben ingrijpende gevolgen voor onze bestaande in-
frastructuur en bebouwde omgeving. Energieopslag in de vorm van warmte is een goedkope en
flexibele oplossing binnen de bestaande energie-infrastructuur. Warmteopslag kan de piekvraag
naar warmte beantwoorden zonder overbelasting van het elektriciteitsnet. Het kan centraal
en decentraal worden gebruikt en kan de periodes overbruggen waarin er geen opwekking van
hernieuwbare energie is.

De huidige uitdaging bij decentrale, locale warmteopslag is het ontwikkelen van een betaalbare,
compacte warmtebatterij voor in huis, die dagelijks kan worden opgeladen / ontladen en warmte
kan leveren wanneer er tijdelijk geen hernieuwbare energie voorhanden is. Thermochemische
warmteopslag is een veelbelovend concept hiervoor, en is gebaseerd op de reversiebele absorptie
van een gas. Het thermochemische materiaal is in geladen toestand in afwezigheid van het gas
en kan worden ontladen door absorptie van het gas. Zodoende wordt de warmte zonder verlies
opgeslagen. Thermochemische warmte-opslag heeft een typische energiedichtheid van 1-2 GJ /
m 3, tien keer hoger dan die van water.

In dit proefschrift richten we ons op zouthydraten, die warmte afgeven bij opname van water
(hydratatie). De hydratatiesnelheid van veel zouten is typisch beperkt in omstandigheden die
dicht bij het evenwicht liggen. In dit werk introduceren we het concept van metastabiliteit
bij het beschrijven van de beperking in hydratatie. We postuleren dat nucleatie een barrière
vormt voor hydratatie in bijna-evenwichtsomstandigheden. Hiermee leggen we de basis voor
het verhogen van het vermogen en de temperatuur bij de ontlading van een thermochemische
warmtebatterij, door het gebruik van additieven die de nucleatie en mobiliteit in het zoutkristal
te verhogen.

In Hoofdstuk 4 presenteren we een review van mogelijke hydraatreacties voor een warmte-
batterij in huis. In totaal worden 563 hydratatieovergangen geëvalueerd met het doel zouten te
vinden met een hydratatietemperatuur van boven 50 ◦C en een dehydratatietemperatuur van
onder 100 ◦C. De temperatuurgrenzen voor (de)hydratatie zijn gebaseerd op typische grondwa-
tertemperaturen in de winter (10 ◦C) voor hydratatie en de zomer (18 ◦C) voor dehydratatie. De
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warmte wordt geleverd met zonnecollectoren met water als medium (d.w.z. een maximale dehy-
dratatietemperatuur van 100 ◦C). Naast de technologische randvoorwaarden wordt ook gekeken
naar de prijs, chemische stabiliteit, reactiekinetiek en veiligheid van het zout. We presenteren
K2CO3 als het meestbelovende zout voor toepassing in een warmtebatterij in huis. K2CO3 heeft
een hydratatietemperatuur van 59 ◦C wanneer het wordt blootgesteld aan waterdamp verzadigd
bij 10 ◦C en een energiedichtheid van 1.3 GJ/m3.

Na de materiaalkeuze wordt het hydratatiemechanisme van K2CO3 en andere zouten
bestudeerd in Hoofdstuk 5 met behulp van thermische analyse. We laten zien dat voor K2CO3

het gegenereerde vermogen bij hydratatie beperkt wordt door metastabiliteit van de anhydraat
fase. Ook stellen we een generiek hydratatiemechanisme voor, op basis van inductietijdanalyses
volgens de klassieke nucleatietheorie. In dit hoofdstuk presenteren we de hypothese dat zouthy-
dratatie geschiedt als een vast-vast fase-overgang in een mobiele, waterige laag op het kristal.
De nieuwe kristallijne fase kiemt in deze laag.

De snelheidsbeperkende stap in het hydratatieproces wordt bestudeerd in Hoofdstuk 6. We
dragen een tweestaps hydratatiemechanisme voor, die bestaat uit (1) adsorptie van water en
(2) neerslag van het hydraatkristal. In de beschrijving van het hydratatiemechanisme gaan
we ervan uit dat processen (1) en (2) in balans zijn met elkaar. Als resultaat is nucleatie
snelheidsbeperkend voor de hydratatie bij lage oververzadiging (in de metastabiele zone) en is
diffusie snelheidsbeperkend bij hoge oververzadiging (buiten de metastabiele zone).

Na het hydratatiemechanisme, wordt de cyclische stabiliteit van K2CO3, bestudeerd in
Hoofdstuk 7. We laten zien dat K2CO3, naast water, ook koolstofdioxide absorbeert uit de
atmosfeer bij temperaturen onder de 40 ◦C met vorming van het stabielere product KHCO3.
Dit heeft echter geen significante invloed op de energiedichtheid over cycli, omdat de opname
van CO2 omkeerbaar is.

In Hoofdstuk 8 presenteren we vervaardigde composieten van K2CO3. Hier tonen we drie
industrieel opschaalbare productieroutes met specifieke bindmiddelen en karakteriseren we de
resulterende composietdeeltjes op pakkingsdichtheid, hydratatie / dehydratiekinetiek en mecha-
nische stabiliteit. We laten zien dat compactie met grafiet de coherentie van de deeltjes aanzien-
lijk verbetert en laten zien dat de gecompacteerde korrel vormvast blijft tot over 250 cycli. We
concluderen verder dat een energiedichtheid van 0.95 GJ / m 3 op stortniveau haalbaar zou
moeten zijn voor gecompacteerde grafietcomposieten indien vervaardigd in tabletvorm.



List of Publications

Publications related to PhD:
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• L. C. Sögütoglu, M. Lutz, H. Meekes, R. De Gelder, E. Vlieg. Polymorphism and modula-
tion of para-substituted L-Phenylalanine. Cryst. Growth Des., 17(12), 6231-6238, 2017.

• C. Bernades, M. Carravetta, S. J. Coles, E. R. H. Van Eck, H. Meekes, M. E. M. da
Piedade, M. B. Pitak, M. Podmore, T. A. H. De Ruiter, L. C. Sögütoglu, R. R. E.
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Leyla-Cann Sögütoglu was born on 10th of November 1990 in Eindhoven, the Netherlands. In
2010, after obtaining her high school diploma (Gymnasium) from Lorentz Casimir Lyceum and
a one year Medicines study, she enrolled the Chemistry bachelor program at Radboud University
Nijmegen. She graduated with distinction from the Master’s program Physical Chemistry in
2015. In November 2015, she started her research as a PhD student at the Technical University
of Eindhoven, in the group Transport in Permeable Media at the Department of Applied Physics.
The results of her PhD work are presented in this thesis.

201


	Contents
	1 Introduction
	2 Theoretical background
	3 Experimental methods and tools
	4 A review of salt hydrates for seasonal heat storage in domestic applications
	5 Understanding the hydration of salts: The impact of a nucleation barrier
	6 Hydration of salts as a two-step process:  Water adsorption and hydrate formation
	7 In-depth investigation of thermochemical performance in a heat battery:  Cyclic analysis of K2CO3, MgCl2 and Na2S
	8 Characterisation of industrial composites based on potassium carbonate
	9 Conclusions and outlook
	A XRD Analysis of salt hydrates
	B Elaboration on the phase diagram of salt hydrates
	C Kinetic models of salt hydrates based on NPK Analysis
	D Metastable zone widths and solubilities of salt hydrates
	Bibliography
	Summary
	Samenvatting
	List of Publications
	Acknowledgements
	Curriculum Vitae

