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1. INTRODUCTION

About 30% of the energy consumption in the Netmeltais

taken up by residences and offices. Most of thexgnis used
for heating purposes. In order to reduce the copsiom of

fossil fuels, it is necessary to reduce this energy as much
as possible by means of insulation and heat regovdre

remaining demand could be met by solar thermalyigeal

that an effective way would exist for storing sdiaat.

Seasonal heat storage techniques using water havenber
of disadvantages, such as substantial heat lossaalav
energy density (large volumes are required). A nuan@pact
way of storing heat is by using thermochemical mai®
(TCMs) in which heat is stored by means of a rebts
chemical reaction. Salt hydrates are promising TGMg are
cheap, non-toxic, non-corrosive and have sufficienergy
storage density. Moreover, on hydration, salt higracan
provide temperatures that are sufficiently high faating
purposes, while they can be dehydrated at tempesathat
can be provided by a solar thermal collector.

In salt hydrates, solar heat is stored and releasedrding the
following reaction: Salt(s) + nj#D(g) <> Salt.nHO(s) + heat.
In summer, the salt can be dehydrated using selat. In this
way the seasonal storage is charged with solarggndn
winter, the dehydrated salt can be hydrated ageialéase the
stored solar energy. This heat can be used to geospace
heating and domestic hot water.

2. TC SYSTEM TYPES

The hydration and dehydration processes take piaca
ThermoChemical reactor. In general, TC reactors an
household scale, which can provide sufficient povege a
new challenge in reactor design. The processesig TC
reactor are much more complicated than loading @mtank
using a heat exchanger. The hydration and dehypdrati

reactions involve heat transport, water vapor partsand in
some cases also the transport of the active TCrialate

Two types of TC seasonal storage systems can lserded;
on one hand the integrated reactor system, in wihineh
reaction occurs within the storage vessel, and han dther
hand the system with separate reactors, in whigfowder
flow from the storage vessel to the reactor ocdarghich the
active material is (de)hydrated and afterwardssjparted to
another storage vessel. Schematic representatfdhsse two
systems are presented in Figure 1 and Figure 2.
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Figure1: TC storage system with integrated reactor
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Figure 2: TC storage system with separatereactors

In the present paper, the emphasis will be on etoeauitable
for application in a system similar to the casevahin Figure
2. In particular, the focus will be on an agitateiew reactor,
as shown in Figure 3, which is in this stage of tegearch
seen as the most promising reactor type for thjdicgtion

(Zondag, 2009).

First of all, in a system simulation study, the powvas
determined that such a TC system would need forgoig
and discharging. Next, in an experimental studg, rdaction
time, the effective heat- and vapor transfer and tlow
characteristics of the powder were examined foetapsfilled
with zeolite in a series of experiments as presebetow.

3. TC SYSTEM CALCULATIONS

A numerical simulation of the system was carried ou

matlab, to determine the power and the temperatuwned that
the TC system should be able to provide. A padsiwese was
used in the calculations, with a 6 GJ annual hgatiemand
and an additional 9 GJ annual domestic hot wateraghel. The
house had a low temperature heating systerfQ/2&C). A

vacuum tube collector array was used to heat upTi@e
storage. A water vessel of 200 liters was usecethuce the
peak power required from the TC storage; peak densanld

be drawn from the water vessel, that afterwardsldcdoe

reheated at a lower rate by the TC storage agia.system
control was such that the heat of the collectoayamwas
preferentially fed to the water vessel, and thesi@age was
heated only after the water vessel had reachechabemum

temperature. In this way, the solar heat was usechi#ch as
possible directly, and the number of cycles madeheyTC

material was reduced. The calculations were camgdor the
Dutch climate. The collector system was assumedl,idte the
sense that sensible losses from the piping to amch the
collector were not taken into account in the caltahs.
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Figure 4: Schematic representation of the smulated system

The results of the calculations are shown in Fidute Figure
7. The figures show the solar fraction that carob&ined for

a system with a space heating demand of 6 GJ, a DHW

demand of 9 GJ and a 6 GJ TC storage, for variolisctor

aperture areas. The solar fraction is defined hsr¢he heat
delivered by the solar system, divided by the tdieht

demand of the building (space heating + DHW). Tésuits

show that for charging, the TC system should be &bltake
up about 3 kW, while for discharging this may bdhie range
of 1-3 kW. With respect to the discharge tempemtuhe

figures show that the system should be able toigeoat least
the space heating temperature of@0
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Figure5: Effect of discharge power on Solar Fraction
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Figure 7. Effect of discharge temperature on Solar
Fraction

Also, it was found that the TC system should hawtasage
capacity of about 6 GJ, which is more or less edoathe
annual space heating demand. Assuming an effeetieegy
density of about 1 GJftrfor the TC material, this would lead
to 6 n? of salt hydrate that would have to be stored EseeC
in Figure 2, roughly a third of that for the wastorage (vessel
A) and, depending on the characteristics of thwachaterial,
about two thirds of that for the anhydrate (ve&el

4. TC MATERIALS

A selection of potentially interesting TC matenehs carried
out. The selection was carried out largely based tloa
materials in the NBS database, taking into accaspects
such as enthalpy and entropy of each reaction stdpty of
the materials (non-toxic, non-polluting), cost b&tmaterials
and stability of the material (avoidance of sidact®ns). A
number of potentially interesting materials wasestd,
among which CaG] MgCl,, Aly(SO;); and MgSQ. These
materials were subsequently tested to determingdaetion
speed of these reactions, as well as the mechaiataility of
these materials under hydration and dehydratior (gn
Essen, 2009). It was observed that Mg®@d AL(SOy); had
very slow kinetics, strongly limiting the power theould be
withdrawn effectively from the material. On the ethhand,

CaCh and MgC} had many promising characteristics, but
their mechanical stability could be problematicce they
tended to form a gel-like structure on overhydmatio

Apart from the testing of the materials themseliesyas

found necessary also to test the heat- and vagosfer of TC
materials within a TC reactor. Due to the problenith the

TC salts examined so far, it was decided to cauly these
tests with zeolite. Zeolite was used because theackeristics
of this material are well known and the hydratien fast.

However, zeolite also has a relatively low energgsity and a
relatively high cost compared to a number of sgdirhtes, and
would therefore not be very suitable for large scsdasonal
storage. Nevertheless, the basic characteristigadr uptake
and heat release are the same as for TC saltshwidde it a
suitable material to examine the heat- and vapanster

within a reactor.

5. EXPERIMENTAL SETUP

An experimental setup was built, as shown in Fig8re
consisting of an Erlenmeyer containing the activatenal,
connected with a nitril tube to an Erlenmeyer coitg
water, functioning as the evaporator. The Erlenmeye
containing the water was placed in a thermostdt tzatontrol
the evaporation temperature. In all measuremerntg t
thermostat bath was set to °©9 slightly below the lab
temperature to avoid condensation in the tubes.

Within the tube, a 3-way splitter was used to cahrthe
system to an evacuation pump (2 Buchi V-700 vacpumps
in series which were found to reach pressures olaR.8
mbar). The vapor flow in this system is driven bg tvapor
pressure difference between the TC material and the
evaporator. Evacuation of the system was foundnégssdo
obtain sufficient vapor flow. Due to the low evagton
temperature, the vapor pressure is very low and vtjeor
pressure difference between evaporator and actaterial is
insufficient to drive the vapor flow if also ineghs is present
in the system.

Figure 8: Experimental setup.
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Finally, the Erlenmeyer with active material wasqad on a
magnetic stirrer, allowing effective agitation dfet material
during hydration, thereby resembling the agitatioat would
occur in practice in a screw reactor. The Erlenmegeld also
be placed in a cooling water tub, to establisheffiective heat
transfer by measuring the temperature rise of tbelirg

water. If the tub was placed on top of the magnstiger,

stirring of the active material was still possible. addition,
the cooling water in the tub was also stirred (Hoththe case
with and without stirring of the active materialp, optimize
the heat transfer from the Erlenmeyer to the cgolirater and
to obtain a homogeneous cooling water temperatitféenithe

tub. This resulted in 4 types of hydration expernitse

0 Non-cooled, non-stirred, with the temperature o th
TC material measured by thermocouples at the side
and the bottom of the Erlenmeyer

o Non-cooled, stirred, with thermocouples same as
above

0 Actively cooled, non-stirred, with thermocouples
measuring the cooling water temperature.

o Actively cooled, stirred, with thermocouples
measuring the cooling water temperature.

In all cases, two thermocouples were used at time $acation
for a single temperature measurement, to have aimgaif
one of the thermocouples needed recalibration.

6. EXPERIMENTAL RESULTS FOR STIRRING

As a first experiment, 2 types of colored sand wesed to
check the effectiveness of the mixing by the magrstirrer. It
was found that for a magnet size sufficiently cldsethe
Erlenmeyer diameter, a homogeneous mixture resulted
indicating that no dead areas were present in tlemBeyer.

Next, experiments were carried out on the hydratibzeolite.
A layer of zeolite (Kdstrolith NaMSX, 1.5 mm beadsas
hydrated. By visual inspection, it was found tha zeolite
could be stirred very well, with the material flowgi nicely
around the rotating magnet.

Next, the temperature was measured for the casthsanid
without stirring of the zeolite. The results ar@wsh in Figure
9.
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Figure 9: Temperature profile obtained for the hydration
of zeolite (comparing stirred and non-stirred zeolite)

First, it can be observed that for the non-stircabe, on
hydration a temperature of about °60 was obtained;
corresponding to a temperature rise of almosSIC4®\ time
delay of almost 6 minutes was found between theésaiure
rise measured at the side of the Erlenmeyer and the
temperature rise measured at the bottom. Givenldhge
particle size of about 1.5 mm and the correspondiigh
permeability, a fast vapor transport was expeckRxdbably,
the long time delay is caused by the reaction frmolviing
slowly from the top to the bottom of the layer oftige
material.

Next, a new layer of material was hydrated undeivac
stirring of the material. The figure clearly shoth&t a much
more homogeneous temperature is obtained in tHéezbed,
with the time delay totally disappearing. Also,was found
that a higher temperature was obtained in the Hhbd;
temperature rise now being over°80 This will be related to
both higher heat transfer to the wall (more homegers bed
temperature) and better vapor transfer in the btk (
dissipation of energy by the stirring itself wasufiol not to
lead to a noticeable rise in temperature, as wstedewith
inert material).

Before and after the measurement, also the zeolites was
measured. It was found that the stirring increasatdonly the
temperature rise, but also the rate of water uptaker 22
minutes the mass increase in the non-stirred cassealbout
3.4%, while in the stirred case this was 4.6%. Birlyi after
52 minutes, these numbers were respectively 6.4867a60%0,
showing that the water vapor uptake was increasedhé
stirring.

Next, an experiment was carried out in which thieriineyer
with the zeolite was placed in a tub with coolingter. The
temperature of the cooling water was measured ¢t the
stirred and the non-stirred case, as displayedguaré 10. As
expected, the stirring of the zeolite leads to gy wignificant
increase in the heat transfer to the cooling water.
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Figure 10: Temperature of the cooling water for hydration
of stirred and non-stirred zeolite.

In order to be able to quantify the amount of hed¢ased
from the zeolite for the stirred and non-stirredegan addition

to the measurements above, the temperature loss was

measured for the same tub, but now filled with Water and
the Erlenmeyer containing inactive zeolite. Fromstnresults,
combined with the estimated heat capacity of thditeeand

the Erlenmeyer, the heat released by the hydratas found

to be as shown in Figure 11. Note that the dotieée |
representing the heating of the system corresptmdsgure

10.
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Figure 11: Heat release by zeolite for stirred and non-
stirred case.

First of all, the figure shows that after almosthaur of
hydration, for the stirred case, about 0.38 MJ/kdheat was
released. Although this is a good result, the gneztpased is
substantially lower than the 1 GJrhat one would like to
reach with TC storage, which is due to the reld§iiew

energy density of zeolite (as stated before). Haneseveral
salts exist that potentially have 4-5 times thisrgg density.
First results from the work at ECN on hydrationTa@ salts
such as MgS® Aly(SQy); CaCh and MgC} are also
presented in this conference (Van Essen, 2009).

Next, from the figure, also an indication of thengw can be
obtained from the slope of the curve. Given thae th

experiment was carried out with 85 grams of zeolted the
contact area between zeolite and water tub wassn0(a
layer of 2.2 cm height and 8 cm in diameter), afective
power was found in the experiment of about 1.5 kf\fmthe
case without stirring, and 3 kWfrfor the case with stirring.

7. OPTIMISATION OF THE VAPOR TRANSPORT

After obtaining the results for the stirring of theolite, it was
considered of interest to optimize the setup furthed to find
out which changes had the largest effect on théopeance,
especially since this was expected to give reconciaigins
for the building of a real reactor. In particulat| possible
obstacles to the vapor flow were removed succdgsiudind

whether these negatively influenced the results.

First, it was tried to optimize the evaporator ar@alarge
bottle was taken as the evaporator and a spongeaddesd as
shown in Figure 12. The results with and withoubrege are
shown in Figure 13. Clearly, the sponge signifibaimcreases
the temperature obtained in the zeolite bed.

Figure 12: optimization of evaporator surface

80

70

. /’/w
/ e
A
50 /
/
Vi
/ — sponge, Thottom1

7

temperature (C)
I
5

w
3

— sponge, Thottom2
— no sponge, Thottom1
— no sponge, Thottom2

N
S

=
)

o

0 500 1000 1500 2000 2500
time (s)

Figure 13: Hydration temperature of zeolite with and
without sponge in the evapor ator.
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Next, it was tried to optimize the removal of aléit gas from
the system. It was found that if halfway during thalration
measurement the vacuum pump was switched on atjen,
temperature in the zeolite bed increased againn évéhe
setup was evacuated prior to the measurements.ttamgt
was made to measure the mass increase as a funttione
while simultaneously flushing the system for a nemiof
times (by briefly switching on the vacuum pump)eTiesults
are shown in Figure 14. Note that for the first tem of
flushes, the flushing results in a high rate of snasrease that
however quickly flattens off, while in later flushehe initial
effect of the flushing becomes smaller but alsoftattening
off seems to become less and less, until afteripheilflushes
the flushing ceases to have any effect and the ahtmass
increase becomes almost continuous. From thesdtseg
was concluded that the initial evacuation of thetaym was
incomplete. A longer evacuation of the zeolite isechad no
effect, but longer evacuation of the water turnad
influence the results significantly; it turned othat the
problem was caused by the inert gas dissolved @ th
evaporator water. This gas was released from therwiarring
the hydration experiment and blocked the vaporsfemFrom
this experiment, it was learnt that longer degassifh the
water was necessary.
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Figure 14: Effect of multiple flushing on mass increase of

zeolite

Applying such thoroughly degassed water in the exapr,
significantly higher temperatures were found. Feolite, the
temperature is shown in Figure 15. Zeolite hydratio
temperatures of up to 120 were now measured, as compared
to temperatures of about D for a single flush (see e.g.
Figure 9).
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Figure 15: Hydration temperature for

multiple flushes to degasthe water

zeolite using

As an additional check, hydration with fresh waterthe
evaporator was compared to the case in which viader the
previous experiment (partially degassed during this
experiment) was reused. The result is shown in reigL6.
Clearly, the partially degassed water leads to drighitial
temperatures. After 2700 seconds, an additionahflwas
applied, which had the largest effect for the frashter,
because for the case with the partially degassédrwalarger
amount of the zeolite had already reacted befarditish.
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Figure 16: Effect of using partially degassed water.

0

Finally, the effect of the tube length between #@waporator
and the active material was measured. The tubeeceetwhe
active material and the 3-way valve was replaced/dnjous
longer tubes and the resulting hydration tempeeafurofiles
were recorded, as shown in Figure 17. As showongdr tube
length can significantly reduce the hydration terapgre.
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Figure 17: Effect of tube length on hydration temperature
of zeolite.

Also the effect of the tube length on the massease was
measured. Also in this case, a longer tube length found to
reduce the mass increase significantly, as shovigiare 18.
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Figure 18: Mass increase on hydration of zeolite as a
function of tube length.

8. DISCUSSION AND CONCLUSIONS

From the previous sections, a number of conclusaars be
drawn, that have direct consequences for the dedfignTC
reactor.

¢ For zeolite, hydration times in the order of 1-2ife

seem possible. Since a power of 3 kW would lead to
about 8 kg/hour of TCM flow into the reactor, this
leads to a hydration reactor TCM content of abeut 8
16 kg. However, for salts with a higher energy
storage density, hydration times may be longer and
the reactor mass will become correspondingly
higher.

« For alayer of 2.2 cm thickness, an output powey ma
be obtained of 1.5 kW/mIf the material is stirred,
this output power may be doubled to 3 kW/m
Given the required power characteristics of about 3
kW, this would indicate that about 12nof heat
exchange area could be sufficient in a stirredtogac

e The zeolite was found to have good flow
characteristics; the material could be stirred with
problems, both in hydrated and in dehydrated form.
This should be examined further, however, for TC
salts.

» The evacuation of the setup has a very strongteffec
on the reactor performance. An important aspect in
good reactor evacuation is the degassing of therwat
in the system. However, also other flow resistances
(long tubes, valves etc) will significantly reduttes
output power and slow down the hydration.

» The evaporation area should be sufficiently large.

The fact that evacuation was found to be very irtgydrfor
the TC system performance leads to some problems. |
particular, in a real TC system, this implies tleguipment
suitable for vacuum application would need to bgliag (e.g.
pressure vessels, sealings, special valves etosidmrably
adding to the cost of an actual system. First roegfimates
indicated almost a doubling of the system cost lths
components are necessary.

As an alternative, it could be possible to transploe water
vapor by means of a fan. However, if the systenurider
atmospheric conditions, this implies relativelygarairflows
to transport the vapor (note that in ambient ag, water vapor
mass is about 0.6% of the total air mass). Thissickemably
adds to the electrical energy required to drive gypgtem. An
atmospheric system is possible in practice, but sapuld be
taken that air channels are large enough not teectno much
pressure drop. This will make all air channels fa@por
transport considerably larger.

At present, at ECN, investigations are ongoing ibimh
atmospheric and evacuated systems. And both systeélins
require careful optimization before they may be ligpin
practice.
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