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Seasonal Heat Storage
Water vapor sorption in salt hydrates is one of the most promising means for compact,
low loss, and long-term storage of solar heat in the built environment. One of the most
interesting salt hydrates for compact seasonal heat storage is magnesium sulfate hep-
tahydrate �MgSO4·7H2O�. This paper describes the characterization of MgSO4·7H2O to
examine its suitability for application in a seasonal heat storage system for the built
environment. Both charging (dehydration) and discharging (hydration) behaviors of the
material were studied using thermogravimetric differential scanning calorimetry, X-ray
diffraction, particle distribution measurements, and scanning electron microscope. The
experimental results show that MgSO4·7H2O can be dehydrated at temperatures below
150°C, which can be reached by a medium temperature (vacuum tube) collector. Addi-
tionally, the material was able to store 2.2 GJ /m3, almost nine times more energy than
can be stored in water as sensible heat. On the other hand, the experimental results
indicate that the release of the stored heat is more difficult. The amount of water taken up
and the energy released by the material turned out to be strongly dependent on the water
vapor pressure, temperature, and the total system pressure. The results of this study
indicate that the application of MgSO4·7H2O at atmospheric pressure is problematic for
a heat storage system where heat is released above 40°C using a water vapor pressure
of 1.3 kPa. However, first experiments performed in a closed system at low pressure
indicate that a small amount of heat can be released at 50°C and a water vapor pressure
of 1.3 kPa. If a heat storage system has to operate at atmospheric pressure, then the
application of MgSO4·7H2O for seasonal heat storage is possible for space heating
operating at 25°C and a water vapor pressure of 2.1 kPa. �DOI: 10.1115/1.4000275�
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Introduction
Households in The Netherlands use on average 65% of their

nergy consumption for space heating and domestic hot water.
he energy consumption in the built environment can be reduced
y energy saving measures �improved insulation, heat recovery,
tc.�. A substantial part of the remaining energy demand can be
ulfilled by using renewable energy sources such as solar energy.

During summer, the heat demand can be completely covered
sing solar heat, but in winter the heat demand exceeds the solar
upply. To accommodate this lag between the solar energy surplus
n summer and the energy demand in winter, a seasonal thermal
torage is needed.

Traditionally, water is used for storing solar heat �for example,
olar boiler� for short time periods. However, water-based long-
erm heat storage will require a large tank ��50 m3� that is often
oo large to be placed inside a building. As an alternative, it is
ossible to store energy by means of chemical processes, making
se of the reversible reactions C+heat⇔A+B.

In the charging mode during summer, solid C dissociates under
he influence of solar heat into components A and B, which are
tored separately. In the discharging mode during winter, the two
omponents �A and B� react to form solid C while releasing the
tored solar heat. No reactions occur as long as the two compo-
ents A and B are stored separately. Preliminary calculations show
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that sensible heat losses comprise approximately 10% of the total
energy storage; this means that the remaining energy can be stored
loss-free.

A previous theoretical study �1� identified magnesium sulfate
heptahydrate �MgSO4·7H2O� as a promising thermochemical ma-
terial �TCM� for long-term heat storage, by means of the follow-
ing reaction:

MgSO4�s� + 7H2O�g� ↔ MgSO4 · 7H2O�s� + heat �1�

The theoretical storage density of MgSO4·7H2O is 2.8 GJ /m3

�1�, which offers a more compact way of storing energy for the
same volume in comparison to water �0.25 GJ /m3 in the tempera-
ture range 25–85°C�. Additionally, MgSO4·7H2O is cheap, non-
toxic, and noncorrosive. For these reasons, MgSO4·7H2O was
studied as a possible TCM for solar seasonal heat storage within
the Dutch WAELS project �Woningen Als Energie Leverend
Systeem; House As Energy Supplying System�.

The starting point of the investigation was that the material
should be able to store and release solar heat under practical con-
ditions. The TCM heat storage system is designed for a low-
energy house with a heating demand of approximately 6 GJ for
space heating and 9 GJ for domestic hot water preparation �2�.
During summer a medium temperature collector �vacuum tube� is
used to dehydrate the salt hydrate. It is assumed that these collec-
tors deliver heat at a maximum temperature of 150°C. During
winter, the water vapor is supplied by an evaporator/condenser
connected to a borehole heat exchanger at 10°C. This means that
a �saturation� water vapor pressure at 10°C �PH2O

sat �10°C�
=1.3 kPa� is available during hydration in winter. In this paper,
measurements are presented, which will give information on

whether magnesium sulfate heptahydrate can be dehydrated using
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medium temperature collector and whether the dehydrated ma-
erial is able to release the stored solar heat under practical con-
itions.

Experimental Method

2.1 Materials. Reagent grade magnesium sulfate heptahy-
rate �VWR BDH Prolabo, CAS 10034-99-8, NORMAPUR,
9.5% pure� was used in this work. The material was sieved prior
o the experiments using a Fritsch vibratory shaker and sieves of
0 �m, 38 �m, 106 �m, 200 �m, and 500 �m to obtain pow-
ers with different particle size ranges. Unless stated otherwise,
articles with a particle size distribution ranging from 38 �m to
06 �m were used during the experiments.

2.2 Thermal Analysis. Thermal analysis was used to obtain
nformation on the dehydration and hydration behaviors of the

aterial at atmospheric pressure �1 atm�. Two thermal analysis
echniques were used in this work: differential scanning calorim-
try �DSC� and thermogravimetric �TG� analysis. TG analysis in-
olves the measurement of the mass change as a function of tem-
erature or time, and DSC involves the measurement of heat
enthalpy� changes as a function of temperature or time, in which
oth are subjected to a predefined temperature program �for more
nformation on TG and DSC, see Ref. �3��.

The thermal analysis experiments described in this work were
erformed at the ECN �Petten, The Netherlands� and at Netzsch
pplication Laboratory �Selb, Germany�. Both companies used a
etzsch STA 409 PC Luxx apparatus for investigation of the de-
ydration and hydration processes in the magnesium sulfate-water
ystem, but the one at the ECN is equipped with a standard SiC
urnace and the one at the Netzsch is equipped with a water vapor
urnace especially built for performing humidity measurements.
he Netzsch STA 409 PC Luxx apparatus can simultaneously per-

orm TG and DSC measurements, also known as TG-DSC. A
eparate Netzsch DSC 204 F1 Phoenix apparatus at the ECN was
sed for a more accurate determination of the enthalpy of
eaction.

Both hydration and dehydration measurements were performed
y exposing the sample to a nitrogen-water vapor gas flow mix-
ure. At the ECN, both STA 409 PC Luxx and DSC 204 F1 Phoe-
ix apparatus used a mixture of dry and water vapor saturated
itrogen gas to achieve this nitrogen-water vapor atmosphere in-
ide the machine. The mixture consisted of a nitrogen purge gas
60 ml/min�, which was saturated with water vapor using a bubble
ask at 20°C �PH2O

sat =2.3 kPa� and mixed inside the furnace with
ry nitrogen protective gas with a flow rate of 20 ml/min. Since
he STA apparatus at the ECN is not designed to handle moist gas
ows, it was decided to keep the gas flows and bubble flask tem-
erature fixed to protect the balance inside the machine. The hu-
idity of the total gas mixture was measured at the exit of the
etzsch STA 409 PC Luxx apparatus using a dew point meter

Michell Optidew� and found to be �40% at 25°C corresponding
o a water vapor pressure of 1.3 kPa. The sample pans used during
hese experiments were made of aluminum oxide and were used
ithout a lid. The sample masses ranged from 5 mg to 50 mg,
here 10 mg was used as a standard sample mass.
To verify the experiments performed at the ECN, additional

xperiments were performed at the Netzsch Application Labora-
ory. The apparatus at the Netzsch was connected to a water vapor
ressure control system, which allows performing experiments
nder moisturized nitrogen atmosphere with predefined relative
umidity �accuracy of 1%�. A nitrogen-water vapor gas mixture
30 ml/min� enters the sample chamber of the water vapor furnace
f the STA. Due to the design of the furnace, it is prevented that
he nitrogen protective gas flow �20 ml/min� arrives at the sample.
s a result, humidity near the sample is not influenced by the
rotective gas and the relative humidity near the sample equals
elative humidity from the water vapor pressure control system.

he experiments were performed using platinum crucibles with
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pierced lids and a sample mass of �10 mg. Nitrogen-water vapor
atmospheres with PH2O=1.3 kPa at 25°C and PH2O=2.1 kPa at
30°C and 50°C were used during the experiments.

2.3 X-Ray Powder Diffraction. Information on the crystal
structure of the different hydrates of magnesium sulfate before,
during, and after dehydration and hydration was acquired using
X-ray powder diffraction. The X-ray diffraction patterns were col-
lected using a Bruker D8 Advance with a MRI oven with
Cu KA1+KA2=1.5418 Å radiation. Typical runs were con-
ducted with 2-theta ranging from 10 deg to 40 deg using a 0.05
deg 2-theta step with a time step of 2 s. The experimental diffrac-
tion patterns were compared with known patterns of magnesium
sulfate hydrates �4�. Samples of 150 mg were placed on a plati-
num grid inside the oven and exposed to water vapor–nitrogen gas
flow from a bubble flask at 22°C �corresponding to a saturation
water vapor pressure of 2.7 kPa�. The samples were dehydrated by
increasing the temperature from 25°C to 300°C using a heating
rate of 1°C /min. During hydration the temperature was held con-
stant at 25°C. Diffraction patterns were recorded at temperatures
where the TG curve indicated a change in composition.

2.4 Scanning Electron Microscopy. Microstructural changes
on the grain level were observed using a JEOL JSM 6330F scan-
ning electron microscope �SEM�. The samples were placed on a
carbon tape and mounted on a bronze stub. In order to improve
the quality of the SEM picture, the samples were platinum coated
by sputtering to enhance the conductivity of the material. The
platinum coated samples were viewed under low-pressure
10−6–10−7 mbar at magnifications ranging from 50� to 1500�
in the SEM. The beam accelerator voltage was set between 5 kV
and 15 kV.

2.5 Particle Size Distribution Measurements. The effect of
hydration and dehydration on the particle size distribution was
investigated using a Malvern Master 2000. This apparatus is ca-
pable of measuring materials in the range 0.02–2000 �m using
the laser diffraction measurement principle �Mie scattering�. Dur-
ing the laser diffraction measurements, a suspension of magne-
sium sulfate and ethanol is passed through a flow cell. Addition-
ally, the suspension is shaken using ultrasound to prevent the
magnesium sulfate particles from sticking together.

3 Results and Discussion

3.1 Dehydration Behavior of Magnesium Sulfate. The re-
sult of a TG-DSC experiment performed in a nitrogen-water vapor
atmosphere with a heating rate of 1°C /min is shown in Fig. 1,
and is typical for all dehydration measurements.

The quantitative data from the DSC measurements, literature
values for reaction enthalpies, and calculated energy densities �1�
are presented in Table 1.

The shape of the TG curve shows that the mass loss occurs in
three steps, each accompanied by a change in DSC signal.

The first step occurs at a low temperature �25–55°C� involving
a mass loss of 6.9�0.2%, which corresponds to the loss of one
water molecule. The negative DSC peak shows that the first de-
hydration step is an endothermic process indicating that �solar�
heat can be stored using this reaction. However, the fact that this
transition of MgSO4·7H2O to MgSO4·6H2O already starts at
25°C means that when MgSO4·7H2O is stored under these con-
ditions, it will �slowly� convert to MgSO4·6H2O. As a result, less
MgSO4·7H2O is available in the heat storage system and the
amount of solar heat that can be stored using the first dehydration
step decreases in time. This can also be seen in Table 1, where the
value for the experimental reaction enthalpy is 19.3% lower than
the theoretical value, probably due to partial conversion of
MgSO4·7H2O to MgSO4·6H2O prior to the experiments.

Between the first and the second step, a melting process occurs

at 52.5°C. This process can be identified by an additional DSC
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eak without an accompanying mass change as illustrated in Fig.
.

The experimentally determined melting temperature of 52.5°C
s in good agreement with the value of 50°C determined by
mons et al. �7� for the melting temperature of MgSO4·7H2O.
he fact that MgSO4·7H2O melts during dehydration can be an
dditional problem for the application of the first dehydration step
or storage of solar heat: Melting reduces the bed porosity of the
aterial and thereby the vapor transport through the bed, limiting

he ability of the material to take up the water again. As can be
een from Fig. 2, it seems that melting typically occurs for large
articles and can be avoided when small particles are used. Fur-
her investigation using different heating rates �0.5°C /min,
°C /min, and 5°C /min�, different sample sizes �5 mg, 10 mg, 20
g, and 50 mg�, and different particle size distributions

20–38 �m, 38–106 �m, 106–200 �m, and 200–500 �m�
evealed that melting was not observed when low heating rates
�1°C /min�, small particles ��200 �m�, and/or small sample
izes ��5 mg� are being used. In a heat storage system, which
ill use large quantities of material, it will be very difficult to
eet these criteria.
The second dehydration step in Fig. 1 occurs between 60°C

nd 265°C. From the shape of the TG curve, it can be seen that
he second dehydration step consists of at least two dehydration
teps: An initial steep decrease in weight loss signal is followed
y a more gradual decrease �note the inflection point indicated by
he gray arrow in Fig. 1�. Interestingly, the sharp drop in mass

ig. 1 Mass „TG… and heat flow „DSC… as a function of tem-
erature for dehydration of MgSO4·7H2O with a particle size
istribution of 38–106 �m. The dehydration was performed by
eating a sample of 10 mg from 25°C to 300°C with 1°C/min in
N2+H2O atmosphere assuming a PH2O=2.3 kPa „see text for

etails…. The gray filled arrow indicates the inflection point of
he change in shape of the TG curve at the second dehydration
tep. Exothermic processes are indicated by a positive heat
ow.

Table 1 Experimental and theoretical enthalp
tion reactions of magnesium sulfate hydrates

Reaction

MgSO4·7H2O�s�→MgSO4·6H2O�s�+H2O�g�
MgSO4·6H2O�s�→MgSO4·0 ·1H2O�s�+5·9H2O�g� b

MgSO4·0 ·1H2O�s�→MgSO4�s�+0·1H2O�g�

aEnergy densities were calculated from the enthalpy of reacti
bTheoretical enthalpy of formation for MgSO4·0 ·1H2O of �
hydrates of magnesium sulfate from Wagman et al. �6� as a f
c
The DSC peak also includes a recrystallization process.
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corresponds to a loss of approximately four water molecules. This
suggests that the dehydration of MgSO4·6H2O proceeds through
a MgSO4·2H2O intermediate. However, this could not be con-
firmed by other techniques such as X-ray diffraction �see also Fig.
3� under similar conditions. The total mass loss in the second step
is 42.2�0.3% corresponding to the loss of 5.9 water molecules.
This means that the overall second dehydration step involves the
transitions from MgSO4·6H2O to MgSO4·0 ·1H2O. The existence
of MgSO4·0 ·1H2O seems strange at first sight. However, under
all conditions the TG curve for dehydration always showed a third
mass loss at high temperatures �near 275°C�, which indicates that
there is still some water present in the material after the second
dehydration step �see discussion below�. The second dehydration
step is accompanied by a negative DSC peak indicating that this
transition is also endothermic. The value for the enthalpy of reac-
tion ��rH�, as shown in Table 1, is in good agreement with litera-
ture value from Wagman et al. �6�. Table 1 also shows that the
energy density associated with the second dehydration step is the
largest of the three dehydration steps: 2.2 GJ /m3 �based on solid
density of MgSO4·7H2O�, which means that nine times more en-
ergy can be stored using this dehydration step than can be stored
in water as sensible heat �0.25 GJ /m3 in the temperature range
25–85°C�. It should be noted that the sharp endothermic heat
flow and the sharp drop in mass in Fig. 1 both end at �80–90°C,
which suggests that the first part of the second dehydration step
�with possible formation of MgSO4·2H2O intermediate� can be
used to store large amounts of energy. The DSC curve in Fig. 1
shows that almost no energy can be stored between 150°C and

of reaction and energy densities for dehydra-

�rH
�kJ/mol�

Energy density
�GJ /m3� a

his study Ref. �6�
Abs. diff.

�%� This study Ref. �6�

50.2 59.9 19.3 0.3 0.4
318.9 340.7 6.8 2.2 2.3

�15.1c 6.1 140.3 �0.1 4.0�10−2

sing the solid density of MgSO4·7H2O �=1.68 g /cm3 �5��.
9.6 kJ/mol was found by fitting enthalpies of formation for
ion of the amount of hydrated water molecules.

Fig. 2 Differential mass and heat flow as a function of tem-
perature for particles with particle distributions of
200–500 �m and 20–38 �m. The measurements were per-
formed by heating a sample of 10 mg from 25°C to 300°C with
1°C/min in a N2+H2O atmosphere assuming a PH2O=2.3 kPa
„see text for details…. The open squares denote differential
mass for 20−38 �m particles, and the filled triangles
200–500 �m particles. The lines denote the heat flow: solid
line for 20–38 �m particles and dashed line for 200–500 �m
particles. The circle indicates the peak associated with the ob-
served melting process.
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65°C using the second dehydration step. It means that approxi-
ately 2.2 GJ /m3 can be stored when heating MgSO4·6H2O to

50°C using a medium temperature collector, which makes the
econd dehydration step very interesting for compact seasonal
eat storage.

Finally, the third dehydration step in Fig. 1 takes place at a high
emperature of 275°C and involves the mass loss of 0.5�0.1%
orresponding to 0.1 water molecules. It means that during the last
ehydration step MgSO4·0 ·1H2O is converted to anhydrous
gSO4. Surprisingly, the corresponding DSC peak is positive in-

icating an exothermic process, which is in contrast to the previ-
us two dehydration steps where the loss of water molecules was
dentified as an endothermic process. In fact, Table 1 shows that
he theoretical value for the enthalpy of reaction is positive.
uiz-Agudo et al. �8� also found that the final transition to MgSO4

nvolves an exothermic process and suggests that this process
s a result of a recrystallization from an amorphous precursor to
rystalline MgSO4. This suggestion was further investigated by
eans of X-ray diffraction. Figure 3 shows the experimental
-ray diffraction patterns obtained during the dehydration of
gSO4·7H2O.
When the temperature of the sample is increased, the X-ray

iffraction patterns show that MgSO4·7H2O is completely con-
erted to MgSO4·6H2O at T=55°C. This observation is in agree-
ent with the result obtained by TG-DSC experiment �see above�.
he X-ray diffraction patterns for temperatures between 80°C and
76°C show that in this temperature range an amorphous phase is
ormed, which converts to crystalline MgSO4 at 300°C. The re-
rystallization of the amorphous phase to crystalline MgSO4, to-
ether with the exothermic process found at �275°C in the DSC
easurement �see Fig. 1�, confirms the observation made by Ruiz-
gudo et al. �8� that the last dehydration step involves an exother-
ic recrystallization. Additionally, the X-ray diffraction pattern at

00°C confirms that the material is completely dehydrated at this
emperature when using a heating rate of 1°C /min.

3.2 The Influence of Partial Water Vapor Pressure on the
ydration Behavior of MgSO4 at 25°C and 1 atm. In a ther-
ochemical heat storage system, the hydration reaction deter-
ines the amount of power delivered to the load and the tempera-

ure at which the power can be delivered. For this reason, it is
ssential to understand the hydration behavior of the material, so

ig. 3 X-ray diffraction patterns taken at different tempera-
ures during the dehydration of MgSO4·7H2O. The same par-
icle size distribution „38–106 �m… and identical temperature
rogram as described in Fig. 1 were used during the dehydra-

ion of MgSO4·7H2O as described.
hat the solar heat stored during dehydration can be fully released.

41014-4 / Vol. 131, NOVEMBER 2009
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The hydration behavior of MgSO4 was studied using thermal
analysis by allowing the anhydrous material from the dehydration
experiments �see above� to cool down from 300°C to 25°C with
5°C /min. Next, the sample was exposed for 16 h to a moist
nitrogen atmosphere at atmospheric pressure with a constant par-
tial water vapor pressure. The results of these measurements are
presented in Fig. 4.

Initial experiments at the ECN �curve 3 in Fig. 4� were per-
formed at 25°C while subjecting the anhydrous material to a par-
tial water vapor pressure of 1.3 kPa �or RH=40% at 25°C�. To
check these results it was decided to repeat the measurement at
the Netzsch under identical conditions. A remarkable difference
was observed between the TG-DSC measurements under the same
conditions performed at the Netzsch �curve 1 in Fig. 4� and at the
ECN �curve 3 in Fig. 4�: After 16 h, the result from the Netzsch
indicates that the material takes up approximately one water mol-
ecule, while the result from the ECN indicates that MgSO4 takes
up six water molecules. The results in Fig. 4 show that at a higher
water vapor pressure of 2.1 kPa, the result of the Netzsch �curve 2
in Fig. 4� is similar to the result acquired at the ECN. The experi-
ments at the Netzsch were performed using a premixed nitrogen-
water vapor gas flow with predetermined water vapor pressure
�see above�, while at the ECN a dry nitrogen gas flow was mixed
with a water vapor saturated nitrogen gas flow �PH2O

sat =2.3 kPa at
20°C� inside the furnace. Possible incomplete mixing of these
two gas flows during the experiments performed at the ECN may
have resulted in a higher local partial water vapor pressure near
the sample than the value determined at the exit of the apparatus.
The exact value of the local water vapor pressure near the sample
was not determined since it was assumed that gas flows were
completely mixed near the sample. A closer look at the shape of
the curves in Fig. 4 reveals that the water uptake during the ex-
periments at the ECN �curve 3 in Fig. 4� is faster than the water
uptake rate at the Netzsch �curve 2 in Fig. 4�, suggesting an even
higher water vapor pressure than 2.1 kPa. A possible explanation
for this observation is that the sample is directly exposed to the
water vapor saturated nitrogen purge gas flow with PH2O

sat

=2.3 kPa at 20°C �see above�, and that mixing with the dry ni-
trogen protective gas flow only occurs downstream of the gas
flow. For this reason, it is assumed in this paper that the partial
water vapor pressure for the results from the ECN is 2.3 kPa
instead of 1.3 kPa. However, more experiments are required to
verify this. It is important to note that the result from the ECN
shown in Fig. 4 was reproducible: The same water uptake was

Fig. 4 Number of water molecules taken up in a hydration ex-
periment of MgSO4 as a function of time. The results from the
Netzsch „curves 1, 2, and 4… and the results from the ECN
„curve 3… are shown. In all cases, a sample of 10 mg was dehy-
drated from 25°C to 300°C with 1°C/min. After 15 min isother-
mally at 300°C, the samples were cooled down to 25°C or 50°C
with 5°C/min and exposed to a moist nitrogen atmosphere as
indicated in the figure. During the experiments a particle size
distribution of 38–106 �m was used.
observed for MgSO4 at 25°C and constant gas flows for all
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amples and particle sizes discussed in the paper, which indicates
constant partial water vapor pressure near the sample.
Curves 2 and 3 in Fig. 4 show no inflection point �see, for

xample, the gray arrow in Fig. 1�, which means that the transition
rom MgSO4 to MgSO4·6H2O occurs as a single step without the
ormation of intermediates. This is confirmed by X-ray diffraction
atterns where only the X-ray diffraction patterns for MgSO4 and
gSO4·6H2O were observed.
The reaction enthalpy of the transition from MgSO4 to
gSO4·6H2O was determined using a Netzsch DSC 204 F1 ap-

aratus �see above�. These experiments were performed under
dentical conditions as the TG-DSC experiments at the ECN. In
able 2 the enthalpy of hydration is compared with the enthalpy of
ehydration, both determined in these separate DSC experiments.

The values for the enthalpy of hydration and dehydration are in
ood agreement ��88% of the stored energy is released at 25°C
hile exposed to a water vapor pressure of 2.3 kPa� indicating

hat the stored solar heat can be retrieved after one dehydration-
ydration cycle. However, in a heat storage system, the material is
xposed to a significant lower partial water vapor pressure �1.3
Pa instead of 2.3 kPa�. As can be seen in Fig. 4, MgSO4 takes up
ne water molecule during 16 h at 25°C and a partial water vapor
ressure of 1.3 kPa. The enthalpy of hydration for this reaction
ould not be determined, but based on Table 2 only 15%
=44.7 kJ /mol instead of 303 kJ/mol� of the stored energy is
eleased when one water molecule is taken up by the material.

3.3 Influence of Particle Size and Layer Thickness on Wa-
er Take Up at Constant Water Vapor Pressure, 25°C, and 1
tm. The effect of the particle size on hydration was investigated
t the ECN using thermal analysis for four particle size distribu-
ions: 20–38 �m, 38–106 �m, 106–200 �m, and
00–500 �m. The material was thermally dehydrated prior to the
ydration experiments as described above. The anhydrous mate-
ial was cooled down from 300°C to 25°C with 5°C /min and
ubsequently exposed to a nitrogen-water vapor atmosphere with
H2O=2.3 kPa �see discussion above� during both dehydration
nd hydration. The effect of particle size distribution on hydration
or a sample of 10 mg is presented in Fig. 5.

The results clearly show that the variation in the particle size
istribution has a very limited effect on the hydration, since the
ater uptake for all studied particle size distributions corresponds

o six water molecules. It means that the internal mass transfer
esistance for the studied particle size distributions is not signifi-
ant. Next, the effect of layer thickness on the hydration rate at
5°C was studied to investigate whether the mass transfer resis-
ance between the particles can influence the water uptake. These
xperiments were performed using a constant particle size distri-
ution of 38–106 �m. The samples were placed in crucibles with
constant volume of 72 mm3. Since identical crucibles were used
uring each experiment, it was possible to alter the layer thickness
y varying the sample mass. The experiments were performed for
ample masses of 5 mg, 20 mg, and 50 mg, which correspond to

able 2 Overview of experimental hydration and dehydration
nthalpies and energy storage densities

Dehydrationa
Hydration at 25°C
and PH2O=2.3 kPa

verall reaction MgSO4·6H2O�s�→
MgSO4�s�+6H2O�g�

MgSO4�s�+6H2O�g�→
MgSO4·6H2O�s�

rH �kJ/mol� 303.8�15.2 268.4�13.4

rH �kJ /mol H2O� 50.6�2.5 44.7�2.2
nergy density �GJ /m3� 2.1�0.1 1.8�0.1

Values were obtained by adding enthalpies and energy storage densities for the
econd and third dehydration steps 2 and 3 �see also Table 1�.
ayer thicknesses of 0.1 mm, 0.4 mm, and 1.1 mm, respectively.
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As can be seen from the results presented in Fig. 6, the hydra-
tion is strongly affected by a change in layer thickness: For
smaller layer thickness, the reaction is completed in a shorter
time. Since an increase in layer thickness results in a slower hy-
dration rate, it indicates that the vapor transport through the layer
is a limiting factor in the hydration process.

3.4 The Effect of Dehydration and Hydration at 25°C and
1 atm on Grains. Ruiz-Agudo et al. �8� investigated the morphol-
ogy of a MgSO4·7H2O crystal and observed that during the de-
hydration of MgSO4·7H2O cracks and pores were formed due to
the release of water vapor, while the initial surface appeared to be
smooth. This was further investigated by taking SEM images from
grains before and after dehydration, and after hydration. The SEM
images are shown Fig. 7.

Before dehydration of the material, small cracks are visible on
a grain surface. Next, 40 g of material was heated up inside an
oven from 20°C to 150°C with 1°C /min. The dehydration re-
sulted in a mass loss of 42.2%, which corresponds to the forma-
tion of MgSO4·H2O. This result is in agreement with the mass
loss found during the TG-DSC measurement at 150°C �see also
Fig. 1�. The SEM images of this material clearly show the forma-
tion of more cracks and pores. After dehydration, the material was
hydrated for 20 h inside a climate room �ESPEC PL-3KPH� at
20°C and RH=52% corresponding to a water vapor pressure of
1.2 kPa. As can be seen from Fig. 7, it appeared that the number
of cracks and pores was constant after the dehydrated material
takes up water vapor. No further crack or pore formation was
observed when the material was again subjected to a dehydration-
hydration cycle �not shown in Fig. 7�.

The particle size distributions of the material before and after
dehydration, and after hydration are presented in Fig. 8.

The material was sieved to acquire particles of 38–106 �m
prior to the experiments. The particle distribution before dehydra-
tion �“untreated” in Fig. 8� shows a good correspondence between
the expected particle distribution based on sieving the material
and the actual particle distribution. After dehydration, the particle

Fig. 5 Mass „TG… and heat flow „DSC… as a function of time for
hydration of MgSO4 at 25°C and PH2O=2.3 kPa for four differ-
ent particle distributions. In all cases a sample mass of 10 mg
was used.

Fig. 6 Mass „TG… and heat flow „DSC… as a function of time for
hydration of MgSO4 at 25°C and PH2O=2.3 kPa for three differ-

ent values for the layer thickness
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ize is reduced and a fraction of small particles are formed ��1
10 �m�. Apparently, the formation of new cracks and pores is
o violent that smaller particles are expelled during the dehydra-
ion. This can also be seen in the SEM images where holes in the
rain are clearly visible after dehydration as shown in Fig. 7�b�.
he formation of small particles during dehydration can be a
roblem for a future TCM reactor; for example, when a fluidized
ed is used, the smaller particles could flow out of the reactor
efore being �de�hydrated. The results in Fig. 8 show that when
he dehydrated material takes up water, the particle size distribu-
ion is almost not affected: A small shift to larger particles is
bserved. The dehydration and hydration reactions result in a sig-
ificant variation in molar volume between MgSO4·H2O and
gSO4·6H2O �a factor of 2.5 based on the solid density�. The

esults in Fig. 8 show a smaller change in particle size distribu-
ion, which is surprising when considering the large variation in

olar volume. A possible explanation for this behavior is that the
rain size remains constant but the porosity of the grain changes
pon hydration and dehydration. However, more research is
eeded to fully understand this behavior.

3.5 Hydration of Magnesium Sulfate Under Practical
onditions. In our TCM heat storage system, the material is de-
ydrated and exposed to a partial water vapor pressure of 1.3 kPa
see above�. The experimental results in Fig. 4 show that MgSO4

ig. 7 SEM images of particles „38–106 �m…: „a… before dehy-
ration „15 kV, 1500� magnification…, „b… after dehydration „5
V, 1500� magnification…, and „c… after hydration „5 kV, 1500�
agnification…. The material was dehydrated to 150°C with
°C/min inside an oven and hydrated for 20 h inside a climate
oom „ESPEC PL-3KPH… at 20°C and RH=52%, corresponding
o PH2O=1.2 kPa.

ig. 8 Particle size distribution of MgSO4·7H2O: before „curve
, untreated… and after „curve 2… dehydration, and after hydra-
ion „curve 3…. The material was dehydrated to 150°C with
°C/min inside an oven and hydrated for 20 h inside a climate
oom „ESPEC PL-3KPH… at 20°C and RH=52%, corresponding
o P =1.2 kPa.
H2O
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takes up one water molecule at 25°C and PH2O=1.3 kPa. As
mentioned before, under these conditions, only 15% of the stored
heat is released. The released solar heat can be used for space
heating, for example, for underfloor heating, which normally op-
erates at temperatures T	40°C. It means that the material should
be able to hydrate and release heat at these temperatures and
PH2O=1.3 kPa. For this reason, the water uptake of the anhydrous
material was studied at 50°C using the STA apparatus at the
Netzsch.

The hydration experiments at 25°C �see Fig. 4� showed that the
largest amount of water was taken up by MgSO4 when the partial
water vapor pressure was 2.1 kPa. For this reason, it was decided
to also use this water vapor pressure at 50°C to study the effect of
temperature on hydration. The result of the hydration experiment
performed at 50°C and PH2O=2.1 kPa is shown as curve 4 in Fig.
4. The effect of increasing the temperature from 25°C �curve 2 in
Fig. 4� to 50°C at constant water vapor pressure of 2.1 kPa is
evident: MgSO4 is unable to take up water at 50°C. A similar
observation was made by Chipera and Vaniman �9�, who found
that MgSO4 converted to MgSO4·6H2O only at a very high water
vapor pressure of 9.3 kPa �or RH=75% at 50°C�. Since a partial
water vapor pressure higher than 1.3 kPa cannot be achieved �see
above�, it means that the application of magnesium sulfate for
compact seasonal heat storage at atmospheric pressure in our
TCM heat storage system is quite problematic.

Another system type that is often used for �seasonal� heat stor-
age is the closed system. These closed heat storage systems often
operate under low pressure in order to facilitate the water vapor
transport through a medium. A separate experiment was per-
formed using a fixed-bed reactor to test the hydration behavior of
magnesium sulfate at low pressure and under the aforementioned
operating conditions. This experimental setup is shown in Fig. 9.

The fixed-bed reactor has a storage volume of 98 ml. A cylin-
drical metal mesh with an aperture size of 40 �m and a diameter
of 1 cm is placed in the center of the reactor and acts as a vapor
channel to facilitate the water transport to the salt �see Fig. 9�b��.
Prior to the experiment, 25 g of MgSO4·7H2O was dehydrated at
150°C at atmospheric pressure inside an oven, which resulted in
the transformation from MgSO4·7H2O to MgSO4·H2O. The re-
actor was filled with the dehydrated material from the oven. Next,
the reactor was connected to the evaporator and a vacuum pump
system consisting of two diaphragm vacuum pumps and a pres-
sure sensor �not shown in Fig. 9�. The evaporator is immersed in
a thermostat bath to keep the temperature of the water inside the
evaporator constant at 10°C �PH2O

sat =1.3 kPa�. The system was
evacuated to 2.8 mbar using the vacuum pump system in order to
promote the diffusion of water vapor to the salt hydrate. During
the hydration experiment, the reactor temperature was kept con-
stant at 50°C by means of a heating cable located around the
reactor. Thermocouples located inside the reactor monitored the
temperature during the hydration. A maximum temperature in-
crease of 4°C in the reactor was observed during the hydration,

Fig. 9 „a… Fixed-bed reactor setup for testing the hydration
behavior of magnesium sulfate under low-pressure conditions.
R denotes the reactor, E denotes the evaporator, and P denotes
connection to vacuum pump system, „b… Top view of fixed-bed
reactor with metal mesh vapor channel.
which indicates that under low-pressure magnesium sulfate reacts
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ith water vapor producing enough heat to create this small tem-
erature lift. This result was unexpected, since the sample mass
and layer thickness� was larger than the samples used in the STA
5–50 mg�. Therefore, it was expected that the vapor transport
hrough the �thicker� layer would be so slow that a temperature lift
ould not be detected �see discussion above�. Apparently, the low-
ressure condition significantly improves the vapor transport
hrough the layer. Although more detailed experiments are re-
uired to investigate this process and the actual amount of energy
eleased, the results indicate that a closed system operating at
educed pressure is highly recommended for application of mag-
esium sulfate as thermochemical material for compact seasonal
eat storage.

Summary and Conclusions
Magnesium sulfate heptahydrate �MgSO4·7H2O� was investi-

ated as potential TCM for compact seasonal heat storage. The
esults show that the dehydration of MgSO4·7H2O proceeds in at
east three steps:

MgSO4 · 7H2O�s� ⇒ MgSO4 · 6H2O�s�

+ H2O�g� at 25 – 55 ° C

MgSO4 · 6H2O�s� ⇒ MgSO4 · 0 · 1H2O�s�

+ 5 · 9H2O�g� at 60 – 265 ° C

MgSO4 · 0 · 1H2O�s� ⇒ MgSO4�s� + 0 · 1H2O�g� at

� 275 ° C

he second dehydration step has a high-energy density
2.2�0.1 GJ /m3�, the reaction primarily occurs in a temperature
ange that can be covered by medium temperature collectors
�150°C�, and problems with melting of the MgSO4·7H2O can
e avoided. Therefore, this step is most interesting for compact
easonal solar heat storage.

Experiments indicate that the second dehydration step involves
everal consecutive dehydration steps, probably including a

gSO4·2H2O intermediate, but it was not possible to clearly
dentify each individual step. X-ray diffraction experiments indi-
ated that the second dehydration step involves a material struc-
ure change from crystalline �MgSO4·6H2O� to an amorphous
hase until crystalline MgSO4 is formed.

Hydration experiments performed at atmospheric pressure re-
eal that the amount of water taken up by MgSO4 depends on
artial water vapor pressure and the temperature. Experiments re-
eal that at 25°C an increase in water vapor pressure from 1.3
Pa to 2.1 kPa results in improved water uptake: Six water mol-
cules instead of one water molecule are taken up per MgSO4
olecule. The single step transformation from MgSO4 to
gSO4·6H2O has an energy density of 1.8�0.1 GJ /m3, which

s approximately 88% of the energy density of the corresponding
ournal of Solar Energy Engineering
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dehydration reaction �2.1�0.1 GJ /m3�. Increasing the tempera-
ture from 25°C to 50°C at constant PH2O=2.1 kPa results in a
strongly reduced water uptake by MgSO4. It means that under
practical conditions �partial water vapor pressure of 1.3 kPa and
T�40°C�, the material is not able to take up water at atmospheric
pressure. However, an initial test using a closed fixed-bed reactor
operating at low pressure showed a maximum temperature in-
crease of 4°C. This result indicates that under low-pressure con-
ditions dehydrated material is able to react with water under prac-
tical conditions. Further experiments have to be conducted to
explain the effect of lowering the system pressure on water up-
take.
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