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A B S T R A C T

Thermochemical energy storage can be used for heating applications, thereby helping to cut down on greenhouse
gases from burning non-renewable fuels by offering a solution for seasonal heat storage. In the scope of the EU
project RESTORE, a thermochemical energy storage is used to store low temperature waste heat and use it for
district heating. This study presents the thermochemical energy storage as a new continuously stirred tank three-
phase suspension reactor for storing heat from renewable sources or waste heat with almost no losses, in reac-
tion. Therefore, the reactor was built of glass, where process parameters, such as the mean residence time, have
been varied to obtain optimized results for thermochemical energy storage operating at the fixed temperature of
125 ◦C chosen due to project restrictions. The heat is used to dehydrate CuSO4⋅5H2O in the charging step and
recovered by rehydrating CuSO4⋅3H2O or CuSO4⋅H2O, respectively, while generating heat in the discharging
step. Using a mixture of silicone and mineral oil to prevent foaming, conversion rates of over 94 % to CuSO4⋅H2O
were reached in the charging step with the continuously stirred tank reactor, with 1 kW thermal power, 150 mm
diameter and 900 mm height in continuous operation. In discharging operation, 100 % conversion from
CuSO4⋅H2O to CuSO4⋅5H2O was measured. This paper lays the groundwork for a new technology for thermo-
chemical heat storage in low temperature application.

1. Introduction

Heating globally corresponds to about 50 % of energy consumption,
reflected in 40 % of global greenhouse gas emissions [1]. Heat energy
from (seasonal) renewable sources and unused waste heat from industry
offer great potential when stored over a long period, where the recov-
erable waste heat potential in European industry is estimated at 370
TWh per annum [2]. The theoretical waste heat potential is 918 TWh in
Europe [3], where 51 % are low temperature waste heat below 100 ◦C.
One way to store this heat with almost no losses is using reaction
enthalpy from a reversible chemical reaction. Therefore, this study is
part of the RESTORE project, where the low temperature waste heat
should be recovered and stored using thermochemical energy storage.
In literature, several thermal energy storage (TES) systems are

known besides thermochemical energy storage systems (TCES), like
latent thermal energy storage (LTES), or sensible thermal energy storage
(STES) [4]. Kalita et al. [5] classify sensible heat storages further into
water-based, packed beds, aquifer and boreholes, the latent heat stor-
ages in active and passive and the thermochemical heat storages in
absorption, adsorption, and chemical reaction systems. While physical

systems like LTES and STES have high losses while storing energy [6,7],
and are therefore capable of only short-term storage, chemical systems
like TCES are capable of storing energy for a long period of time without
significant losses [8]. Adapted from H. Bao et al. [9] and A. Solé et al.
[10] a further classification of the thermochemical energy storage for
charging temperatures up to 250 ◦C is shown in Fig. 1.
In Fig. 1, the different technologies for TCES are shown. While

chemical reactions such as redox reaction, or carbonation need a
charging temperature of at least 434 ◦C for redox reaction, and 310 ◦C
for carbonation [9], hydration can be archived at 200 ◦C [11] and, the
chemical absorption requires a charging temperature lower than 100 ◦C
[9]. The metal halides as part of the chemisorption have a wide charging
temperature range from − 50 ◦C to 350 ◦C while the salt hydrates used
for chemical adsorption presented by H. Bao et al. [9] need a charging
temperature between 50 ◦C and 186 ◦C. The TCM used for this study of
thermochemical energy storage is described as chemical reaction of salt
hydrates with a temperature range of interest set to 50 ◦C to 250 ◦C,
where the chemical principle is expressible as [12]

C+ΔHR⇌A+B (1)
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In Eq. (1) C is a salt hydrate or acid as thermochemical material, while A
and B are reactants, where A can be e.g., an anhydrate ormeta-acid [11],
and B is water. While C usually is a solid or a liquid, A, and B can be any
phase.
The process of heat storage can generally be seen in three main

phases [8]:

• Charging
• Storing
• Discharging

In the endothermic charging process, thermal energy is absorbed
from an energy source, e.g., solar energy or waste energy from industry
which is used for the dissociation of the thermochemical material C. The
supplied energy is equivalent to the reaction enthalpy of formation. As a
result, two species, A and B are formed that can be stored. The reaction
during charging can be expressed as

C+ΔHR⟶A+B (2)

After charging, components A and B can be separately stored with
little or no energy loss and without degradation of the materials [8],
depending on the storage conditions.
When A and B are combined, an exothermic discharging reaction will

occur. The energy, which again is equivalent to the reaction enthalpy of
formation, released from this reaction recovers the stored energy, while
C is regenerated and can be reused. The reaction during discharging can
be written as

A+B⟶C+ΔHR (3)

For this process, the most common chemical reactors are classified by
Clark [13] and Solé [10] into

• Fixed bed reactor (also called packed bed)
• Moving bed
• Fluidized bed

while Widhalm et al. [12] list the most common TCES technologies as
follows:

• Fluidized bed reactor
• Free fall reactor
• Rotary kiln reactor
• Screw reactor

where only the fluidized bed reactor was evaluated for practical use by J.
Widhalm [12], since moving bed reactors such as screw reactors and

Nomenclature

Δmi mass fraction (g/g)
T temperature (◦C)
ΔhR reaction enthalpy (J/mol)
t time (s)
ψG gas volume in liquid (%)
x, y stochiometric coefficients
A, B, C chemical Species
τ mean residence time (min)
V̇ volume flow (l/min)
VR reactor volume (l)
H:D height to diameter ratio

Abbreviations
wt.% weight percentage

TCES thermochemical energy storage
TES thermal energy storage
TCM thermochemical material
STES sensible thermal heat storage
LTES latent thermal energy storage
CSTR continuously stirred tank reactor
H2O(liq) liquid water
H2O(gas) water vapour
CuSO4⋅5H2O copper sulphate pentahydrate
CuSO4⋅3H2O copper sulphate trihydrate
CuSO4⋅H2O copper sulphate monohydrate
CuSO4 copper sulphate anhydrate
N2 Nitrogen
rpm rotation per minute

Fig. 1. Classification of thermochemical energy storage systems up to 250 ◦C adapted from Bao et al. [9] and A. Solé et al. [10].
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rotary kiln reactors are complex to operate and seal because of the
rotating mechanical system and the free fall reactor is not useable for
TCES, due to its low residence time. Fluidized bed reactors have a high
heat transfer coefficient, uniform particle mixing and good temperature
control [13], but are limited by the particle size over the density dif-
ference between particle and fluidization gas [12], possible agglomer-
ation, low conversion per unit volume, erosion of internal parts, higher
energy requirements through pumping, and increased reactor vessel size
[13]. Clark [13] on the other hand considers the fixed bed reactors as the
most appropriate for TCES application due to the solid–gas states but
sees major issues such as system heat capacity, heat losses and heat and
mass transfer as well as large temperature gradients throughout the bed
as restriction in its application.
To gain better heat and mass transfer and a homogeneous mixing of

solids and liquids Garofalo et al. [14] proposed 2021 a novel approach
using a suspension batch reactor with mineral oil as a suspension me-
dium for TCES systems, having advantages over the aforementioned
chemical reactors in their specific fields, which also resulted in a patent
[15].
In this study, the first continuous stirred tank three-phase suspension

reactor for TCES will be presented.
For choosing a suitable TCM for this continuous stirred tank three-

phase suspension reactor, the following main criteria can be deter-
mined [10,16]:

• High volumetric heat storage density
• Non-toxicity
• Low price

Fig. 2. Principle of charging reaction in a continuous stirred tank reactor.
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P. Donkers gives an overview over 563 different the salt hydrates for
heat storage [17], which had been narrowed down by A. Palacios [18] to
CaSO4, MgSO4 and CuSO4. From these candidates CuSO4 was chosen as
TCM not only because it changes its color [19] when it changes its hy-
dration state, which allows to follow the reaction by sight, but also by its
high energy density and suitable temperature range for charging and
discharging. The theoretical energy density from CuSO4⋅H2O to
CuSO4⋅5H2O was calculated to 2.073 GJ/m3 with gaseous water as
reactant, using the HSC database [20]. CuSO4⋅5H2O has been tested in
batch experiments for agglomeration, cycle stability, charging and dis-
charging temperature, where the optimal charging temperature was
found to be 125 ◦C for conversion into CuSO4⋅H2O before the use in the
CSTR.
The aim of this study is to build a lab-scaled prototype of a

continuous stirred tank reactor for TCES as core technology in the EU
Horizon project RESTORE where a reversable organic Rankine cycle
should be combined with the TCES in a low temperature range, suitable
for district heating.

2. Materials and methods

In the newly developed continuously stirred tank reactor (CSTR) salt-
hydrates are used as thermochemical material. Therefore, Eq. (1) can be
rewritten into

Salt⋅xH2O+ Heat⇌Salt⋅yH2O+ (x − y)H2O (4)

Since not every salt-hydrate would be reduced to salt-anhydrate, due
e.g., to a too-low-temperature heat source, or the last reaction step needs

Fig. 3. Principle of discharging reaction.
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exponentially more energy than the other steps, or in the last step, an
unwanted reaction like agglomeration would occur, in the product part
of the Eq. (4) the salt still contains yH2O crystal water, where y can also
be zero.
The principle of the charging reaction in the continuous stirred tank

suspension reactor can be seen in Fig. 2.
The salt hydrate is transported from the salt tank (1) to the mixer (2)

where the salt is preheated with recirculated hot oil (12). The suspension
is diluted with recirculated hot oil and oil from the oil tank (3), if
necessary, and transported into the stirred tank reactor (4). With the
individual adjustable mass flow of recirculated oil, salt from the salt tank
(1), and oil from the oil tank (3), the solid–liquid ratio of the suspension
can be controlled. Therefore, the level change of the feeding salt tank
(1), the oil flow of the recirculated oil, and the mass flow of the fresh oil
are monitored and used to control the pumps. In the reactor (4), heat is
supplied from an external heat source (5) through a heat exchanger (6),
which provides the necessary energy for the reaction. The state of the
reaction can be monitored by the temperature in the reactor. The
gaseous water is condensed (7) after leaving the reactor and collected in
the water tank (8). The reacted suspension is pumped (9) into the
separator (10), which is built as a suction filtration. The filter cake is
transported in the salt tank (11) while the filtrated oil is recirculated
(12). The salt feed from the salt tank (1) into the mixer, the mixing (2)
and the feed into the reactor (4) as well as the extraction of the reacted
salt from the separator (10) are done with screw conveyors.
The extracted salt is covered in oil for storage, which prevents hu-

midity from the air to discharge the charged salt and therefore, prolongs
the storage period in contrast to uncovered salt.
The principle of the discharging reaction in the continuous stirred

tank suspension reactor can be seen in Fig. 3.
The discharging process is done similarly to the charging process;

therefore, only the differences will be explained. As opposed to the
charging process, the material which is fed into the reactor is now the
salt in its lower hydrate or anhydrate form from the salt tank (1). For the
reaction to take place, water has to be added stoichiometrically with a
pump (13), which can be done if the mass flow of the salt and its con-
version state is known. While discharging, the reaction enthalpy, in form
of heat, can be used through the heat exchanger (6), where now a load
(5) instead of a heat source is operated which holds the reactor at a
constant temperature. The salt hydrate is then extracted into the salt
tank (11) while the oil is recirculated.
Different salts have been tested as thermochemical material (TCM) in

the reactor, such as calcium chloride dihydrate [21] or copper sulphate
pentahydrate (CuSO4⋅5H2O). In this paper CuSO4⋅5H2O will be shortly
described as TCM, since copper sulphate changes its color depending on
its hydrated state from deep blue to white, which allows to visibly follow
the reaction in a first approach. Since the RESTORE projects aims for
thermochemical energy storage below 150 ◦C, CuSO4⋅5H2O will be only
dehydrated to CuSO4⋅H2O and not to CuSO4. Copper sulphate follows in
this case a two-step reaction for dehydration [22]

CuSO4⋅5H2O+ Heat⇌CuSO4⋅3H2O+ 2H2O (5)

CuSO4⋅3H2O+ Heat⇌CuSO4⋅H2O+ 2H2O (6)

The rehydration is usually a one-step reaction, where only
CuSO4⋅5H2O is formed

CuSO4⋅H2O+ 4H2O⇌CuSO4⋅5H2O+ Heat (7)

CuSO4⋅3H2O+ 2H2O⇌CuSO4⋅5H2O+ Heat (8)

The stored energy Q is the reaction enthalpy ΔHR (Heat) of the used
thermochemical material, depending on its conversion state. For storing
the energy, heat, which cannot be stored in the TCM occurs in form of
sensible heat, which is needed to transfer the heat via the oil to the TCM.
The sensible heat can be expressed through [23]

Q =

∫ T2

T1
mcpdT (9)

In Eq. (9) m, cp, and T represents the mass, specific heat capacity, and
temperature of the oil, while T1 and T2 indicate the beginning and end of
the heat transfer process [23].
Fig. 4 shows the built continuous stirred tank suspension reactor,

which is a narrow stirred tank reactor with an inner height-to-width
ratio H:D (Height to Diameter) of 90:15 (in cm) with a stirred volume
of 14 l and a total volume of 22 l, including all pipes and the separator.
The heat transfer for heating or cooling is done by an inner heating/
cooling coil, within the range of 1 kW thermal power. The first prototype
reactor is built from used glass parts where the reactor and separator use
a flat flange system and the pipes use a ball flange system. The small
pipes have an inner diameter of 25 mm, while the bigger pipes have an
inner diameter of 50mm. Glass was chosen asmaterial for the prototype,
since it has the notable advantage of being transparent so the reaction
and flow regimes can be monitored; furthermore, thermal losses are not
a priority for the small experiments.
The salt from the feeding system (1) is transported into the reactor

Fig. 4. Continuous stirred tank reactor.
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(4), wherein the reaction zone (5) the charging or discharging reaction
occurs. The heating or cooling in the reaction zone is supplied by the
Huber CC 315 thermostat (13). For charging reactions, N2 can be sup-
plied for better vapor transport where the flow can be adjusted with a
Brooks rotameter (3). The water is condensed and stored in a water tank
(8). In the reaction zone (5), two propeller stirrers for a vertical flow and
an anchor stirrer at the bottom for a horizontal flow were installed on
one axis (2). This axis, until the lower end of the reaction zone (5), is
hollow so that water for the discharging reaction can be injected through
the axis into the reaction zone via Grothen G728-2 peristaltic pumps
(10). Therefore, the rotary union SMCMQR1-M5 is used to decouple the
water pipes from the stirrer axis. The salt-oil suspension is separated in
the separator (6) via suction filtration where the salt is transported to a
storage tank with a screw conveyor (9). The hot oil is recirculated by a
VIPTech Mini 1200 Brushless geared pump (7) and used to preheat the
salt in the feeding system. The screw conveyors, the geared pump, and
an optional rotary valve can be controlled with hand potentiometers on
control boxes (11), where also the direction of rotation for the screw
conveyor and the optional rotary valve can be switched. The speed of the
peristaltic pumps and the rotations per minute (rpm) of the stirrer are
controlled directly at the devices. The power supply, the emergency stop
switch, the on/off switch as well as a data logger Ketotek Smart Energy
Monitor for electric consumption, and a data logger NI cDAQ-9171 for
temperature measurement are installed into the switch cabinet (12). The
temperature is measured by type K temperature sensors, where one
sensor each is installed at the beginning and the end of the heat-transfer
coil, respectively, and four temperature sensors are installed inside the
reactor at different heights (each at the top of the reactor, top of the
reaction zone, bottom of the reaction zone and bottom of the reactor).
Additionally, one temperature sensor is installed at the hot oil inlet of
the feeding system, one at the pump outlet, and one in the water tank.
Fig. 5 shows the feeding system of the prototype continuous stirred

tank suspension reactor.
In Fig. 5 (a) the salt (not shown here) from the salt tank (1) is

transported with a screw conveyor (2) to the screw conveyor (3) where
the salt is mixed with the recirculated hot oil and thereby preheated. The
oil is fed to the screw conveyor (3) over the recirculation pipe (4). While
suspending the salt in the oil the suspension is transported into the
reactor (5). The salt tank is shown from the side in Fig. 5 (b) where the
hoses (7) in Fig. 5 (b) are used to transport water into the hollow stirrer
shaft (8) during rehydration reaction. The 3D printed screw conveyors
are driven by two stepping motors ACT 23HS2442B (6) with the motor

driver ACT DM545. The control of the motor driver is done with an
Arduino Nano Every, where a hand potentiometer is used for the signal
manipulation, but automatic control with a computer can be imple-
mented. The velocity of each screw conveyor and the geared pump for
the oil recirculation can be adjusted separately.
For separation, two different concepts were tested, suction filtration

and sedimentation. Fig. 6 shows the installed suction filtration separator
(a) and the inner separation unit (b).
The mesh support structure (1) and the screw conveyor (2) are 3D

printed with Formlabs High-Temperature V2 resin. The filter mesh (3)
has a mesh width of 400 µm and is fixated on the support structure with
M2 screws (6). The mesh support structure is glued into the glass cyl-
inder with silicon (4), which is also used for sealing all gaps between the
filtration unit and the glass cylinder. To hold the inner separation unit in
place while gluing, a coarse metal mesh (5) is used.
Fig. 7 shows the sedimentation tank with the reactor (a), the emptied

sedimentation tank (b) and the deflector and inlet of the sedimentation
tank (c).
The suspension is inserted in the sedimentation tank in the upper

third of the tank through an internal pipe (2) coming from the top of the
tank (1). The sedimented salt is extracted from the bottom of the tank
through a rotary valve (3), while the oil leaves the sedimentation tank
from the top (4). A deflector (5) prevents a short circuit of the suspension
from the inlet to the outlet of the sedimentation tank. The sedimentation
tank increased the total volume of the reactor by 7l.
Fig. 8 shows the used stirrer with its counter bearing (a) and the

water outlet in the reaction zone (b).
The stirrer consists of three stirrer blades, where the two upper

stirrer blades are a pitched blade stirrer (1) and a propeller stirrer (2) for
axial stirring in the reaction zone, while the lower stirrer blade (3) is a
paddle stirrer to prevent sedimentation on the bottom of the reactor and
helping the particles in suspension to exit the reactor. The stirrer shaft
consists of a hollow upper part and a massive lower part which are
connected through a small piece of a steel pipe (5). For rehydration,
water can be pumped through the holes (6) in the hollow shaft.
Fig. 9 shows the installed sparger for N2 (Nitrogen) bubbling.
While charging, foaming occurred, which is a dispersion of gas

(water vapor from the reaction) in a liquid (mineral oil) with a gas
volume of ψG > 52% [24] in a high energetic state due its extraordi-
narily large interface between the gaseous and liquid phases [25]. To
prevent foam, the surface tension can be minimized [26], or the bubble
diameter can be maximized to destabilize the foam [27]. Therefore, a

Fig. 5. The feeding system consists of a salt tank (1), a screw conveyor (2) for transporting the salt to the mixer, and a screw conveyor (3) for mixing the salt with hot
oil (4) and transporting the suspension into the reactor (5) (a) and a detail view on the salt tank (b).
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sparger has been installed to generate N2 bubbles which coalescence
with the water vapor.
Depending on the separation method, two different extraction

methods for the separated salt have been used. From the suction filtra-
tion, a 3D-printed screw conveyor transported the salt from the filter
into a storage vessel, while for the sedimentation tank, a home-made
steel rotary valve is used to convey the salt from the bottom of the
sedimentation tank into the storage bin.
As for the Methodology, the conversion rate of the thermochemical

material was determined with a PANalytical X’Pert Pro diffractometer in
Bragg-Brentano geometry with Cu Kα1,2 radiation, a BBHD mirror filter,
and a X‘Celerator line-detector. The measure range was from 5◦ to 70◦ in
2θ degrees. The estimated maximum error margin of the measurement
was ±2.7 wt% of the main phase but typically ±2 wt% of the main
phase. For analysis of the diffractogram, HighScore Plus for element
determination and Topas for the composition from PANnalytical and
PaNdata was used, respectively, using the Rietveld method from 15◦ to
70◦ in 2θ degrees. To analyse the samples, 20 g of each taken sample had
been vacuum filtered on a glass frit and rinsed twice with petroleum
ether. From each conducted experiment 5 samples were taken directly
form the rotary valve outlet, one after each other in an interval of 10
min.
The temperature was measured by type K class II temperature sen-

sors using a data logger NI cDAQ-9171 with the NI 9211 module and
LabView.
The mass flow of the recirculating oil was determined by the flow

sensor YF-S201 and an Arduino to calculate the flow using the following
core code:

flowrate = (count * 2.25);
flowrate = flowrate * 60;
flowrate = flowrate / 1000;

In the first line the counted pulses (count) over the measure time (1 s)
are multiplied by the volume of one segment (2.25 mL) of the rotary

wheel of the sensor and assigned to the variable “flowrate”. In the sec-
ond line, the flowrate is converted in ml/min and in the last line in l/
min.
For the measurement of the water flow, the sensor ifm electronic

SM4000 was used.
The input mass flow was determined by the velocity of the screw

conveyer. Therefore, tests had been conducted where the conveyed
volume at different velocities for the dry mass fraction and the oil-salt
suspension typical in the salt tank was measured gravimetrically. The
estimated error is ±10 % due to the manual sample taking.
The nitrogen flow was measured using one MR3A12 and two

MR3A15 rotameters from Key Instruments, where all of them have an
uncertainty of ±4 %.
Table 1 gives a summary of the main technical parameters of the test

rig which could be adjusted, how they were measured and the estimated
uncertainty of the measured results.
The Experimental procedure is similar but still different for the

charging and discharging reaction. Therefore, the operation of the
reactor in charging and discharging mode will be explained separately.
For the charging reaction the reactor was at first filled with the

mineral/silicone oil mixture. Thereafter, the thermostat and the stirrer
of the reactor were switched on. To avoid agglomeration, the stirrer
speed was set to 500 rotations per minute (rpm). While the reactor was
heating up, the pump for oil recirculation was switched on and the
CuSO4⋅5H2O was filled into the salt tank with some mineral/silicone oil
mixture, and the nitrogen flow for the sparger was started. After the
reactor reached operation temperature, the recirculation flow was
adjusted and the screw conveyers for transporting the salt into the
reactor were started. When the reaction took place, the temperature had
to be monitored closely and the heat output of the thermostat was
adjusted, if necessary. Depending on the mean residence time, after the
mean residence time plus 2–3 min to amass enough particles over the
rotary valve, the rotary valve was started to extract the converted salt.
The extracted oil-covered salt was collected in a bucket. Every 10 min a
sample was taken directly from the outlet of the rotary valve. For long

Fig. 6. Installed separator (a), and support structure with filter mesh and screw conveyor (b).
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time experiments, the salt and oil in the salt tank had to be replenished.
After the salt was used up, the reactor was still operated for at least two
times the mean residence to make sure that all particles had been
transported out of the reactor and sedimented. In a last step the ther-
mostat was shut down and the pumps, stirrer, and rotary valve stopped.
To get rid of possible agglomerations in the dead volume of the reactor,
the oil was flushed out of the reactor while still hot. Table 2 summarizes
the experiments presented here.
For charging reaction, 5 experiments are presented in this study,

where the mean residence time was varied through the recirculation
mass flow. The goal of these experiments was to find the optimum
operation parameters in scope of the project for maximum output.
Therefore, the extracted salt was analysed using XRD and then used for
the discharging reaction.
For the discharging reaction the reactor was filled up with the min-

eral/silicone oil mixture. The silicone oil is not needed for the

discharging reaction but since the mixture was available from the
charging experiments, it was used. The stirrer was again set to 500 rpm
to avoid agglomeration, but the thermostat was now used for cooling
with a temperature of 40 ◦C. The nitrogen flow for the sparger was
started for better mixing and the salt tank was filled with the
CuSO4⋅3H2O/CuSO4⋅H2O mixture from the previous charging experi-
ment. The water tank was filled with enough water for the reaction and
the water flow in the reactor was adjusted according to the calculations
of the needed water for reaction plus 10 % excess water. After the
recirculation flow was started and adjusted, the screw conveyer of the
salt tank and the water pump were switched on. After the mean resi-
dence time plus 2–3min to amass enough particles over the rotary valve,
the rotary valve was started to extract the converted salt. Again, the
extracted oil covered salt was collected in a bucket. Every 10 min a
sample was taken directly from the outlet of the rotary valve. After the
salt was used up, the reactor was still operated for at least two times the

Fig. 7. Sedimentation Tank.
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mean residence to make sure that all particles had been transported out
of the reactor and sedimented. For the reactor shut down, the thermo-
stat, the pumps, stirrer, and rotary valve were stopped. In a last step, the
reactor was cleaned while the oil was still warm. Table 3 summarizes the

experiments presented here.
For discharging, two experiments with different mean residence time

have been conducted and the extracted salt was analysed using XRD,
with the goal to find the optimized operation parameters.

3. Results and discussion

The mean residence time τ is controlled by the pumping power and is
calculated through [28]

τ =
VR
V̇

(10)

where VR is the reactor volume and V̇ is the volume flow of the reactor,
while the reactor volume is kept constant. The mean residence time

Fig. 8. Stirrer (a) and water outlet from hollow shaft (b).

Fig. 9. Sparger in reactor (a) and sparger (b).

Table 1
Summary of the main parameters and their measurement uncertainty.

Parameter Measurement device Uncertainty

Recirculation oil flow Flow meter YF-S201 ± 10 %
Water flow Flow meter SM4000 ± 2 %
Salt input mass flow Gravimetrically determined ± 10 %
Temperature Typ K class II temperature sensors ± 2.5 ◦C
N2 flow Rotameter MR3A12 and MR3A15 ± 4 %
Conversion XRD ± 2.5 %

G. Wedl et al.
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gives a rough indication of the time a particle spent in the reactor, since
only the outflow of the oil is measured.
The kinetics were determined in pre-experiments, which have shown

that the dehydration form CuSO4⋅5H2O to CuSO4⋅H2O takes place in
around 15 min at 125 ◦C, while the rehydration from CuSO4⋅H2O to
CuSO4⋅5H2O only needs around 3 min starting at room temperature.
Therefore, the outflow of the reactor can be calculated to 1 l/min for
dehydration (charging) and 4.7 l/min for rehydration (discharging),
using Equation (10).
The conversion rate was determined with a PANalytical X’Pert XRD

diffractometer. The diffractogram after processing with Topas is depic-
ted in Fig. 10, where the calculated fit is overlapping the diffractogram.
Fig. 11 shows the results for dehydration of 5 different experiments,
where in the first 4 experiments the mean residence time was varied
from 4.7 min to 14 min by constant temperature and in the last exper-
iment the 4th experiment with a mean residence time of 14 min was
repeated but with the additional sparger installed. All presented ex-
periments were conducted with the sedimentation tank used for sepa-
ration. The progression of the conversion until the reactor reaches a
steady state is shown in Fig. 12.
In Fig. 10 the XRD result after calculating the weight percentage of

the found compounds with the Rietveld method using the Topas pro-
gram is shown. The compounds have been found with the Highscore plus
program, using the “profile and peak” search method. The error for the
diffractogram in Fig. 10 has an error of ±2.5 % of the main phase Poi-
tevenite (CuSO4⋅H2O) and ±2.5 % of the second phase Bonattite
(CuSO4⋅3H2O).
In Fig. 11 the conversion of CuSO4⋅5H2O is shown for different mean

residence times, where the lower part of the bar represents CuSO4⋅H2O,
the middle part of the bar CuSO4⋅3H2O and the top part the unconverted
CuSO4⋅5H2O. While the conversion to the desired CuSO4⋅H2O is only
slightly over 50 % for short residence times, the overall conversion of
CuSO4⋅5H2O to a mixture of CuSO4⋅3H2O and CuSO4⋅H2O is nearly 100
% for all used mean residence times. With a mean residence time τ = 14
min, a conversion to CuSO4⋅H2O of 84 % was measured. With the
sparger a conversion of 94.7 % could be achieved since, through the
counter current of the gas from the sparger in the reactor, the particle

mean residence time had been prolonged. The maximum error which
occurred in the measurements was ±2.7 % of the main phase, but the
mean error was ±2.5 % of the main phase.
In Fig. 12 it can be seen that the conversion of all samples to

CuSO4⋅H2O increases in the beginning up to its final conversion of the
continuous operation (sample 5) is reached at the given conditions. This
can be explained with the temperature profile, shown in Fig. 13, which is
exemplary for the conducted experiments.
As soon as the reactor has reached operation temperature,

CuSO4⋅5H2O was added (1), which resulted in a temperature drop
because of insufficient heat transfer through the glass heating coils of the
reactor. After the heat transport into the reactor was adjusted (2), the
temperature started rising again, leading to a better conversion of the
material.
In the preheating phase, at first only the stirred reactor was heated

and then the pump was switched on, causing a sharp rise of the pre-
heater and pump curves (3). When the rotary valve was operated in a
way that not only salt but also oil was transported outside the sedi-
mentation tank, air was transported into the sedimentation tank,
causing a drop of temperature in the preheater and pump curves (4).
Table 4 shows the results of rehydration of one experiment with a

mean residence time of τ = 3.11 min and τ = 5.6 min, respectively.
For the experiment, converted CuSO4⋅5H2O, consisting of a mixture

of CuSO4⋅H2O and CuSO4⋅3H2O, from an experiment described above
was used, and the water needed was calculated according to the XRD
results plus 10 % excess water. For separation, the sedimentation tank
was used. From the experiment, 2 samples were taken in an interval of
10 min. The nonconverted material in the fourth line of Table 1 most
likely comes from residues from former experiments in the reactor. The
reactor was actively cooled through the thermostat with tap water
through the experiment. With the longest mean residence time of 5.6
min, the rehydration is very fast in the suspension reactor, contrary to
the study of Ferchaud et al. [29].
For each presented dehydration experiment, 0.5 kg of CuSO4⋅5H2O

had been transported into the reactor over the period of 1 h. This results
in a mass flow of 0.12 kg/15 min, which is the mean mass of solids in
the reactor for an outflow of 1 l/min. Therefore, the dehydration with τ
= 14 min was performed with 1 wt% mass fraction in the reactor.
For the rehydration experiment, 1 kg of the CuSO4⋅H2O/

CuSO4⋅3H2Omix had been used over the period of 20 min, which results
in 4.5 wt% mass fractions in the reactor.
The mass fractions of TCM in the reactor is now too low, since a lot of

energy would be converted into sensible heat instead of being stored as
reaction enthalpy. Therefore, further experiments for process intensifi-
cation will be conducted, but first simulations showed that with the
reactor in the current form, the main limiting factor will not only be the
heat transfer from the heat source into the reactor, but the currently
used heat source itself, which provides 3.5 kW heating power at
maximum, sufficient for only 4.5 wt% mass fractions of TCM.

Table 3
Experiments conducted for discharging reaction.

Experiment Recirculation mass flow Water flow Input mass flow Temperature

1 2.5 l/min 11.7 ml/min 41 g/min 40 ◦C
2 4.5 l/min 11.7 ml/min 41 g/min 40 ◦C

Fig. 10. XRD measurement of the conversion of CuSO4⋅5H2O to lower hydrates.

Table 2
Experiments conducted for charging reaction.

Experiment Recirculation mass flow N2 flow Input mass flow Temperature

1 3 l/min Head volume: 1.5 l/min 8.3 g/min 125 ◦C
2 2 l/min Head volume: 1.5 l/min 8.3 g/min 125 ◦C
3 1.5 l/min Head volume: 1.5 l/min 8.3 g/min 125 ◦C
4 1 l/min Head volume: 1.5 l/min 8.3 g/min 125 ◦C
5 1 l/min Head volume: 0.5 l/min Sparger: 6 l/min 8.3 g/min 125 ◦C

G. Wedl et al.



Applied Thermal Engineering 255 (2024) 123977

11

The limiting factor of the suction filtration is the mesh size. If the
mesh is too fine, the resistance for the oil flow will be high up to the
point where the oil flow might be blocked. If the mesh is too coarse, fine
particles would not be held back which results in loss of material,
accumulation of dead material and potentially problems in the pump.
The suction filtration worked well for the first batch of CuSO4⋅5H2O,

which was a leftover of 900 g found in the laboratory. The newly ordered
CuSO4⋅5H2O from the same company had a different particles size dis-
tribution which was shifted to smaller main fractions, as shown in
Fig. 14, and was therefore not suited for suction filtration anymore.
Fig. 14 (a) shows the particle size distribution of the found leftover

CuSO4⋅5H2O with a main fraction of 600 µm particles, while (b) shows
the newly ordered CuSO4⋅5H2Owith amain fraction of 315 µm particles.
For sedimentation, the height of the tank and the mean residence

time in the tank are one of the main characteristics. Therefore, sieve
analyses have been conducted not only on CuSO4⋅5H2O but also on the
CuSO4⋅3H2O/CuSO4⋅H2O mixes gained from dehydration experiments,
which are shown in Fig. 15.
Comparing Fig. 15 with Fig. 14 (b), the mass fractions above 400 µm

disappear and, since CuSO4⋅5H2O particles break down to smaller par-
ticles during dehydration [22]. Also, Donkers et al. [30] observed the

breakdown of the copper particles during dehydration, using a fixed bed
reactor, but contrary to that study, no decrease of the stability of the
dehydration/rehydration of CuSO4 could be observed in the continu-
ously stirred suspension reactor.
To determine the minimum height of the sedimentation tank, the

terminal velocity of the smallest particle must be found. Therefore, the
sedimentation experiments have been conducted, where from each
fraction from the sieve analysis some particles were sedimented in a
glass cylinder with tempered oil at 120 ◦C and markings each 5 cm. The
results are shown in Table 5.
With the measured terminal velocity of the slowest sinking particles

of 0.64 ⋅ 10− 3 m/s in the hot oil and the mean residence time of 14 min
of the sedimentation tank, the minimum height of the tank can be
calculated to 58 cm.
During dehydration, severe foaming occurred with mineral oil. Since

foaming is dependent on the surface area, temperature, and surface
tension [31], the lowering of the surface tension can avoid foaming.
Since silicone oil is a widely used foam inhibitor, a mixture of silicone oil
and mineral oil was used in a first approach. With a ratio of 15 wt%
silicone oil in mineral oil, foaming could be successfully prevented. As
mentioned before, bigger bubble sizes can destabilize foam, which is

Fig. 11. Conversion of CuSO4⋅5H2O to lower hydrates in relation to the mean residence time.

Fig. 12. Progression of conversion in the startup phase.
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why a sparger for N2 was installed at the bottom of the reactor for bubble
coalescence of the N2 bubbles with the emerging vapor. With the sparger
and a N2 flow of 6 l/min the silicone oil ratio could be lowered to 7 wt%
silicone oil in mineral oil.

4. Conclusion

The newly developed continuously stirred tank three-phase suspen-
sion reactor was successfully tested with copper sulphate in a mineral-/
silicone-oil mixture with different mean residence times, ranging from
4.7 min to 14 min at 125 ◦C as a core technology for the thermochemical

energy storage in the scope of the RESTORE project. The residence time
of the particles in the reactor can be varied through the oil flow of the oil
recirculation. The optimized parameters for the chemical charging re-
action were found with a mean residence time of 14 min and a sparger
using 6 l/min N2 flow, resulting in a conversion rate to the desired
CuSO4⋅H2O copper sulphate of 94.8 %, where CuSO4⋅5H2O was fully
converted. Rehydration or discharging was performed at 3.1- and 5.6-
minutes mean residence time, respectively and reached 100 % conver-
sion to CuSO4⋅5H2O. The waste heat needed for the reaction was suc-
cessfully simulated with a thermal oil through an inner heat exchanger
coil for heating and cooling within the range of 1 kW thermal power.
Due to the breakdown of CuSO4 particles during dehydration and the
excessively small particles of some available CuSO4⋅5H2O salts, initially
the suction filtration was not working and had to be replaced by a
sedimentation tank. Foaming occurred during dehydration of
CuSO4⋅5H2O, which could be prevented by using a mixture of 15 wt%
silicone oil in mineral oil without sparger and 7 wt% silicone oil in
mineral oil using a N2 sparger. The newly developed three-phase sus-
pension reactor shows promising results in charging and discharging of
salt − oil systems for thermochemical heat storage and will be used in a

Fig. 13. Temperature profile with 1.5 l/min out flow of the reactor, where T1 is in the upper part of the reactor and T2 is the sensor in the bottom part of the reactor.

Table 4
Conversion of CuSO4⋅3H2O and CuSO4⋅H2O to CuSO4⋅5H2O.

Flowrate CuSO4⋅H2O CuSO4⋅3H2O CuSO4⋅5H2O τ T

(l/min) (%) (%) (%) (min) (◦C)

2.5 0 0 100 5.6 40
4.5 0.7 0 99.3 3.11 40

Fig. 14. Comparison of particle size distribution of old and newly ordered CuSO4⋅5H2O.

G. Wedl et al.



Applied Thermal Engineering 255 (2024) 123977

13

further study where CuSO4 will be analyzed for its full potential as TCM,
with experiments on long-term operation, process intensification and
energy balances. Also, tests of other thermochemical materials up to
250 ◦C are planned. In the scope of the project, a scaled-up version of the
presented reactor will be built.
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