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Abstract

Thermochemical reactions are one of the most pingiseans for compact, low loss and long
term storage of solar heat in the built environm@ifite heat can be stored by making use of a
reversible chemical reaction. In theory, an eneaigpsity 5-10 times higher than water can be
reached. Additionally, no storage losses are aatmmti with thermochemical heat storage.
Thermochemical materials have been identified #ratcheap, non-toxic, have sufficient energy
density and have reaction temperatures that caredghed by a vacuum tube collector. These
requirements are fulfilled by a number of salt lagds. A detailed study at ECN identified
MgCl,.6H,O as the most promising salt hydrate for compaat@eal heat storage. The material
was found to be capable of storing and releasirad bieder practical conditions. In the present
paper, the results on MglBH,O characterization and the first results using«adibed reactor will

be presented.

1. Introduction

Traditional heat storage techniques have a nunftdisadvantages for seasonal heat storage, such as
substantial heat losses and relatively low eneamsities. It means that a seasonal heat storatgETsys
requires a large storage tank (>4% for seasonal heat storage. However, these tark®a large to

be placed inside a building. As an alternatives fiossible to store heat by making use of a révers
chemical reaction: TCM + heat A+B . In the summer, the thermochemical materi@ )

dissociates under influence of solar heat into acamepts A and B, which are stored separately. In the
winter, the two components (A and B) react to fohe original TCM while releasing the stored solar
heat. No reactions occur as long as the two compsmge stored separately, which means that
thermochemical storage can be used for loss-foezage and transportation of heat. Additionally, a
theoretical energy density of 5-10 times highenthater can be reached, which offers a more
compact way of storing heat than using traditidresdt storage techniques.

Not all TCMs are suitable for seasonal solar B&atge in the built environment. Besides common
conditions such as low costs, safety and reliapération, TCMs have to be non-poisonous, must have
sufficient energy density and have reaction tempega that can be reached by a medium temperature
solar collector. These requirements are fulfillgdadarge number of salt hydrates. A theoretiaad gt
performed at ECN identified four promising salt hgtgs: MgSQ 7H,0, Aly(SOy):.18H,0,



CaCb.2H,0 and MgC}.6H,0 [1]. These salt hydrates were further investidateder practical
conditions on their potential for compact seastealt storage in the built environment. Based on
these experiments, the most promising salt hydsagelected for further tests in a newly constricte
atmospheric pressure fixed bed reactor. In theeptggaper, the results of the material selection
experiments and first experiments using the newhstructed atmospheric pressure fixed bed reactor
are presented and discussed.

2. General description of the TCM heat storage system

A salt hydrate has to be able to store and rele@seunder practical conditions. These conditioas a
determined by the TCM heat storage system, wherbdht is stored or release by means of the
reaction: salt.nkD(s) + heat- salt (s) + nHO(g). During the summer, a vacuum tube collectaayar

is used to dehydrate the salt hydrate (sald)Hhereby storing solar heat. In this paper, #ssumed
that these collectors deliver heat at a maximunptature of 150C. The dehydrated salt and the
water vapor (in condensed form) are stored in sg¢paessels. In the winter, the water vapor and the
salt are brought together in order to releasettived solar heat. The water is evaporated by meians
heat from a borehole heat exchanger. It is assuhadhe borehole is at a constant temperature of
10°C during the year. It means that a (saturationgmadpor pressure at A0, which is equal to 1.3
kPa, is available for hydration in the winter. Tieeased solar heat can be used, for exampléptor
heating, which normally operates at maximum inftemperatures of 2C. It means that the salt
hydrate should be able to hydrate and releasedbhéaese temperatures and a water vapor pressure of
1.3 kPa.

3. Detailed material selection for compact seasonal heat storage in the built environment

A detailed theoretical study was performed to itigese which material is suitable for the TCM heat
storage system in the built environment [1,2,4jsT&tudy included all known absorbents (hydrates,
ammoniacates, ethanolates, etc.) and adsorbewolggzesilica gel, etc.). The materials were
evaluated based on energy density, costs, toxacittemperature lifts, taking into account the aasi
reaction steps during heat storage and releasée Tahows the four most promising salt-water
reversible reactions with corresponding energy itieas identified in the theoretical study [1,2].

Table 1. Selected salt-water vapor reversible r@actwith corresponding energy densities [1,2]. For
comparison, the energy density for heating up wiatafso presented.

Reaction Solid density | Theoretical energy
salt hydrate density (GJ/m°)
(kg/m?)
MgSQOy. 7H,0(S) « MgSQy(s) + 7HO(g) 1680 2.80
Al5(S0y)3.18H,0(s) « Al(SOy)s(s) + 18HO(9) 1690 2.75
MgCl,.6H,0(s) « MgCl,.H,O(s) + 5H0(g) 1560 2.48
CaCb.2H,0(s) - CaCk (s) + 2HO(g) 1710 1.44
Heating up waterT=60°) - 0.25




3.1 Dehydration of four promising salt hydrates under practical conditions

All four salt hydrates were dehydrated in an ovemvestigate the dehydration behavior of the four
selected salt hydrates under practical conditidhe. salt hydrates were heated from room temperature
to 150C, which corresponds to the temperature that caedehed by a vacuum tube collector (see
above). At 150C, the samples were held isothermally for at |8asburs. In the previous study on
MgSQO,.7H,0 it was found that melting occurred when heatirgggample with a heating rate >

1°C/min [5,6]. For this reason, it was decided to as®nstant heating rate of@/min. Based on the
measured mass loss after dehydration in the okierfptiowing reactions were found:

Table 2. Dehydration reactions determined from ni@ss measurements and associated theoreticalyenerg

densities.
Dehydration reaction Theoretical
energy density
(GI/m)
MgSQO,. 7H,0(s) - MgSO,.H,0(s) + 6HO(g) 2.47
Al(SOy)3.18H,0(S) - Alx(S0Oy)3.5H,0(s) + 13HO(Q) 2.16*
MgCl,.6H,0(s) - MgCl,.2H,0(s) + 4B0(g)** 2.12
CaCb.2H,0O(s) - CaCl(s) + 2HO(g) 1.44

*Theoretical enthalpy of formation for A50,)s.5H,0 of -5000 kJ/mol was found by fitting enthalpiédsamation for
hydrates of aluminum sulfate from Ref [7] as fuartof the amount of hydrated water molecules.
** During the dehydration, a small amount of HCIsMarmed. See text for more details.

In all cases, the salt hydrates can be dehydrateseC, which means that all four promising salt
hydrates can be used for solar heat storage usiaguaum tube collector. It should be noted thatth wi

the exception of CagPH,0O, an anhydrate is not formed at 16(as might be anticipated based on the
reactions shown in Table 1. However, this resuftdsunexpected since most anhydrates are formed at
relatively high temperature, which cannot be reddhea vacuum tube collector. For example, MgSO
was formed near 30C [5]. Additionally, the dehydration of salt hydeatoften proceeds in discrete
steps instead of a single step [1,4-6]. Not allydehtion steps are associated with a high energy
density [1,5]. This is confirmed by the resultswhadn Table 2, where high energy densities can be
reached although the material is not completelgdiri

During the dehydration of Mg&bH,O at temperatures above 288 hydrochloric acid was formed
and detected. The hydrochloric acid (HCI) is prdp&trmed via hydrolysis of the magnesium
chloride dihydrate [8]:

MgCl,.2H,0(s) — MgOHCI(s) + HCI(g) + HO(q)

The formation of HCI is undesired in the built emviment, but also the formation of MgOHCI is
undesired since it is unable to take up water atehse heat after dehydration. Further research
revealed that between 18D and 138C, the dehydration reaction in Table 2 proceedbawit the
formation of HCI. For this reason it was decidedétydrate MgGI6H,O at 130C.



3.2 Experimental setup for studying hydration behavior of the four promising salt hydrates

Within the WAELS project, a Dutch national longsteresearch project, MgS@H,O was

investigated as promising material for long terratigtorage. It was found that this material can be
dehydrated at temperatures below IG0Additionally, the material was able to stor2 @&J/ni,

almost 9 times more energy than can be stored fenaa sensible heat. However, no heat was
released under practical conditions at atmosplpeeissure [5]. It was therefore tried to hydrate th
material under low-pressure conditions, which sti@uihance diffusion of the water vapor towards the
material and thereby improve the heat releaserdsdts of the magnesium sulfate hydration are
compared with hydration results for the other thsaks using the same evacuated fixed bed setup.

An evacuated fixed bed reactor was constructenviestigate the potential of the four promising salt
hydrates at low-pressure. The experimental setapasn in Fig.1.
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Fig. 1. A. Picture of experimental setup for anadgzthe four salt hydrates, B. Top view of fixeddbreactor
filled with the salt hydrate

The evacuated fixed bed reactor shown in Fig. 1éajsable of storing 40 grams of the dehydrated
salt. In the centre of the reactor a cylindricatahenesh is placed with aperture size of 40 miaod
diameter of 1 cm (see also Fig 1.B). The metal naeshas a vapor channel to facilitate the water
transport to the salt during the hydration. A hegtiable was wrapped around the fixed bed reaator t
keep the reactor at a constant temperature.

The fixed bed reactor is connected to an evaposattdra vacuum pump system. The evaporator is
immersed in a thermostat bath to control the teatpes of the water inside the evaporator. A vacuum
pump system consisting of a pressure sensor andigpbragm vacuum pumps in series is used to
evacuate the system to a minimum pressure of 2a8.rbluring the measurements, the temperature
inside the fixed bed reactor and the evaporatomemaitored by K-type thermocouples. The data from
the thermocouples is digitized using a data aciisunit and subsequently stored on a PC.

3.3 Hydration of four promising salt hydrates under practical conditions

All four salt hydrates were dehydrated inside aaroprior to the experiments. The oven was
programmed to heat up the samples from room teryrerto 150C with 1°C/min as described
above. The MgGI6H,0 sample was also dehydrated at°TsBecause the HCI formation during



dehydration was unknown during these hydration exmats. The dehydrated salt from the oven is
placed inside the fixed bed reactor. In the fisgtagiments, the evaporator is aPCOwhich
corresponds to the temperature of the bore holedxehanger. As mentioned earlier, the goal iss® u
the stored solar for space heating which normalsrates at 4€C. It means that the salt should be
able to release heat above€@Qvhen taking into account the heat losses betwheestorage system
and the space heating system. Therefore an irgéigator temperature of 8D was used during some
of the hydration experiments.

In the previous study on MgQ@H,0 it was found that the dehydrated material didretdase heat
when exposed to 1.3 kPa water vapor pressure, viditie saturation water vapor pressure 4€10
However, MgSQ.7H,0O did release heat when the evaporator was s&f@t[3]. Therefore it was
decided to also study the hydration behavior whah beactor and evaporator temperature are set at
25°C. The results of the hydration experiments fofalr salt hydrates in evacuated fixed setup are
shown in Fig. 2.
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Fig. 2. Measured maximum temperature increase {Tthe four salt hydrates tested in the fixed kesttor. R
denotes reactor temperature, E denotes evapoeatpetature. The setup was evacuated to 2.8 mimartprihe
experiments.

The hydration results show that all salts are ablelease heat during hydration. However, a clear
difference is observed between the sulfate andhlmide salts: significantly higher temperatufesli
can be observed using the chlorides under similaditions. This effect was also observed by other
authors, where water uptake by sulfates (excdpufit sulfate) was found to be kinetically hindered
[9,10]. On the other hand, the chloride salt hyelsatre hygroscopic and found to agglomerate during
hydration. Nevertheless, based on the observedamatype lift, it was decided to select Mg6H,O

for further experiments.

4. Atmospheric pressurefixed bed reactor

At ECN, a first analysis of the economical feadipibf thermochemical heat storage systems was
made and compared with costs of competing optinak as fossil based options and fully renewable
alternatives [3]. Four thermochemical heat sto@ems were evaluated: fixed bed reactor and
separate reactor with a transport screw, both tipgrat either atmospheric or low-pressure



conditions. The system costs were calculated asguanBO0 year lifetime and a passive house with a 6
GJ heating demand and a 9 GJ hot water demandstilitig identified the atmospheric pressure fixed
bed reactor as the most cost-effective systemthi®reason, it was decided to construct and etalua
the technical potential of an atmospheric presBxee bed reactor under practical conditions.

4.1 Description of the experimental setup
The previous experiments were conducted using & srecuated fixed bed reactor which is capable
of storing 40 grams of dehydrated salt. In ordéntestigate the heat storage (and release) céjebil
of MgCl,.6H,O under atmospheric pressure conditions usingdaamples, it was decided to
construct a new fixed bed reactor which is showhig 3.
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Fig. 3 Schematic representation of the atmosplpeessure fixed bed reactor (including the evapoyaide
arrows denote the flow direction.

Prior to the experiments, the cylindrical fixed redctor is filled with ~ 300-350 gram salt, whighs
dehydrated in an oven from room temperature td@3Gth 1°C/min and held isothermally for 2

hours. The bed material is held between two fijlates. The temperature in the bed is measured with
four K-type thermocouples at a mutual distance ofi3 The thermocouples are located above each
other in the middle of the bed. Also, the tempaegwf the air flow entering and leaving the besl ar
both monitored by K-type thermocouples. Two pressgnsors are located on the top and bottom of
the reactor to measure the pressure differencetbgdyed. The reactor is insulated with 2 cm glass
wool.

At the start of the experiment, dry air flows thgbua bubbling flask filled with water (left side kig.
3). A thermostat bath is used to keep the temperatithe water at 2C. The moist air flow from the
bubble flask is directed to the top of the fixed lbeactor instead of going to the bottom of thet@a
to prevent fluidization at high flow rates. Onwtay to the reactor, the moist air flow is slowkated
up to ambient temperature, since it was practidalbydifficult to keep the transporting tube at@0
Nevertheless, experiments reveal that the watesrvaggssure remains constant at 1.3 kPa.

4.2 First resultsusing magnesium chloride in the atmospheric pressure fixed bed reactor

A sample of 344 gram Mgg6H,O was dehydrated in an oven by heating the matieoia 25 C to
130¢°C with 1°C/min and held isothermally for 2 hours. Basedh@nrhass change, the final product of
the dehydration was found to be Mg@H,O. The material was placed inside the fixed bedtoza



An air flow of 20 slpm was used to hydrate the mateDuring the hydration, it was discovered that
the thermocouples in the bed were displaced asrsiowig. 4A.

Fig. 4. (A). Displacement of the thermocoupleseensfrom the outside of the reactor. The first lastl
thermocouples monitor the air temperature, whitedther thermocouples (indicated with a black ejrere
located inside the bed. (B). Top of the reactor &fter hydration. The holes are made by a dritriger to

estimate the thickness of the hard impermeable.laye

The initial position of all thermocouples was horital and parallel to each other. It can be clearly
seen that the second and third thermocouple, warielocated in the bed, are bend away from the
horizontal. After the hydration it was found durithge salt had expanded and pushed against the cover
filter plate and the thermocouples.

During the hydration measurement, an increasedsaspire drop over the bed was observed, which was
caused by a hard impermeable layer with a thickokss2 cm was formed at the top of the bed (see
also Fig. 4B). The formation of this hard impermedhyer is undesired since it destroys the open
structure of the bed and prevents efficient hydrati

5. Conclusions & outlook

An extensive literature inventory identified fouomising salt hydrates (Mg&6H,O, CaC}.2H,0,
MgSO,.7H,O and AL(SO,)s.18H,0) for compact seasonal heat storage in the buiitenment.
Experiments show that all four salt hydrates caddigydrated at 13C which can be reached by a
medium temperature solar collector. It was alsmébthat the HCI gas that was formed during the
dehydration of MgGl6H,0O can be avoided by dehydrating at k30Hydration experiments in an
evacuated fixed bed reactor reveal that the chdsrghow a larger temperature lift than the sulfates
However, the chlorides were found to agglomeratendthydration. Based on the observed
temperature, MgGI6H,O was chosen for further experiments using an neagtructed atmospheric
pressure fixed bed reactor. The experimental ieshibw that the material expands and forms a hard
impermeable layer during hydration.

A possible solution to the problems observed dutfireghydration of MgGI2H,0 is to use a carrier
material that is flexible enough to absorb the espan of the salt without (significantly) reducitige
open structure of the bed. Additionally, the carnmterial should also be able to prevent



overhydration. Currently an literature overviewriade of possible candidate carrier materials astl fi
experiments are planned.
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