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ARTICLE INFO ABSTRACT

Keywords: Stable supercooling of sodium acetate trihydrate (SAT) composites can be used to store heat over long periods.
Sodium acetate trihydrate When the melted SAT is supercooled and in temperature equilibrium with the ambient, the latent heat of fusion is
Supercooling

essentially stored without further heat loss. The main limitation of this technology is that the supercooled SAT
may crystalize spontaneously and release the stored heat before desired if the storage design does not allow for
the principle to work. These investigations elucidate the effects of charge and discharge temperatures and du-
rations on the stability of the supercooling in storage units designed for domestic hot water application.

A test rig with 10 identical heat storage units with water and 35 kg sodium acetate trihydrate composite was
set up. Multiple heating and cooling cycles were carried out with charge temperatures between 84 °C and 94 °C
for various durations and with discharge temperatures from 10 °C to 35 °C.

The investigations showed that charging the storage units with an inlet temperature of 89 or 92 °C resulted in
the highest occurrences of stable supercooling. Discharging with inlet temperatures of 10 °C resulted in higher
occurrence of spontaneous solidification during discharge compared to higher inlet temperatures. There was a
large deviation in how each tank performed. The best performing tank achieved stable supercooling in 87 % of

Phase change material
Heat storage

Stability testing
Spontaneous crystallization

the test cycles and the worst performing tank achieved stable supercooling in 30 % of the test cycles.

1. Introduction

In Europe, the energy consumption in buildings accounts for 40 % of
the total energy consumption [1]. Shifting heat demands is pivotal to
match with energy supply from renewable energy sources like sun [2]
and wind [3]. In this context, thermal energy storage was identified as
one key component in future energy systems to utilize renewable energy
resources to greater extent [4].

Solar heating systems allow for heating buildings and domestic hot
water when solar irradiance is available, and water storage tanks allow
for storing heat to the periods immediately following a sunny period [5].
To cover building energy consumption with solar fractions higher than
50 % in central and northern Europe, long-term heat storage is neces-
sary. Additionally, by power-to-heat conversion of excess electricity
from sun and wind, buildings-integrated energy stores could serve as
one possible source of demand flexibility in future electrical grids [6].
The continuous heat loss from water tanks limits the heat storage period
as measured [7] and simulated [8] for solar active houses, utilizing large
solar collector arrays for heating.

Alternative heat storage concepts for longer storage periods could be
based on phase change materials (PCM) or thermochemical processes
[9]. Among other solutions, systems utilizing solid sorption with salt/
zeolite composite as investigated by Zettl et al. [10,11], Nonnen et al.
[12] and Koll et al. [13], liquid sorption [14] or stable supercooling of
PCM [15] may prove useful to integrate more renewable energy for
building energy supply and consequently reduce the use of fossil fuels.

1.1. Heat storage utilizing stable supercooling of phase change materials

The main advantage of PCMs are high energy storage densities over
small temperature intervals across the melting temperature of the PCM
[16]. Thus, PCMs are potentially attractive for heat and cold storage
[17]. Supercooling is when a melted material cools below the melting
temperature without resolidifying, hence remaining liquid. This phe-
nomenon is undesired for short term heat storage because the energy
absorbed in the melting process is not released again during discharge.
However, the principle can be utilized for long term storage if the melted
material remains stable supercooled (without solidifying) in melted

Abbreviations: SAT, Sodium Acetate Trihydrate; PCM, Phase Change Material; T, Tank; S, Sensor; U, Upper; M, Middle; L, Lower.
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state for the desired duration. When the energy is needed, solidification
can be triggered, and the stored heat can be discharged from the ma-
terial and utilized. A concept for combined short and long-term thermal
energy storage can be to utilize the sensible heat of the melted PCM for
demands only requiring a short storage period, and the latent heat of
fusion in the supercooled PCM for demands requiring long storage pe-
riods [18].

Typically, salt hydrates, utilizing stable supercooling, have been
considered for long-term heat storage [19], because of large melting
enthalpies [20] and low costs as identified by Hasnain [21] and by Garg
and Nasim [22]. Xu et al. investigated the thermal behavior of SAT with
T-history and full scale tests [23] and Beaupere et al. made experimental
measurements on supercooled SAT [24]. Recently, also polyols (poly-
hydric alcohols) have been investigated as phase change materials for
thermal energy storage. They are attractive for their low price, avail-
ability in large amounts, high phase change enthalpies (100-413 kJ/kg)
and large volume-specific storage capacities [25]. Certain polyols have
been identified to have stable supercooling properties. For example,
Xylitol could be used with an energy storage capacity of ~580 kJ/1
(20-100 °C) — Mixed with 5 % water it has a melting temperature of
91 °C [26]. However, crystal growth rates were reported to be low
(below 10 mm/h). Thus, for heat storage application complex nucle-
ation methods would be needed for this material [27]. Puuponnen and
Seppala [28] developed PCM-polymer mixtures containing erythritol or
p-mannitol, which showed good long-term performance, stability at low
temperatures and higher crystal growth rates in comparison to xylitol-
water mixtures.

The first commercial applications of supercooled heat storage, such
as hand-warmers, have been realized with the salt hydrate sodium ac-
etate trihydrate (SAT). SAT is non-toxic, available as food supplement,
and has a relatively high melting enthalpy (330 kJ/1 [29]) at a melting
point of 58 °C, which makes it suitable for building energy storage.
When SAT supercools below its melting temperature, undissolved so-
dium acetate separates from the dissolved salt [30], which will reduce
the latent heat of fusion in a SAT sample over repeated cycles. Cyclic
stable SAT composites with supercooling were achieved by adding
thickening agent, water and graphite [31]. The composites showed
increased thermal conductivity in solid state but also lower viscosity in
melted state. By adding liquid polymeric solutions and water to SAT,
cyclic stable SAT composites with higher viscosity in melted state are
resulting [32].

Except for long-term heat storage, supercooling is considered as an
unwanted effect in PCM applications. To reduce or avoid supercooling of
SAT, nucleating agents have been applied in combination with thick-
ening agents as reported by Khan et al. [33] and Wang et al. [34]. Cui
et al. [35] proposed nano-copper to form SAT composites with increased
thermal conductivity. Without thickening agents, Guion and Teisseire
[36] reported sodium-hydrogenophosphte hydrates as nucleating agent
for SAT.

1.2. Development of long-term heat stores using sodium acetate trihydrate

Flat [37] and cylindrical [38] prototype heat storage units have been
tested at the Technical University of Denmark. Four flat storage units
each containing approx. 150 1 SAT composite was tested in combination
with a water tank [39]. This setup was used in a solar heating and hot
water supply system with evacuated tubular collectors [41]. Experi-
mental results were used to verify a numerical simulation model, which
was then used to study the system performance in a Danish Passive
House [42]. Results show that heat stores utilizing stable supercooling of
SAT composites could be charged several times during winter with
surplus energy from wind and in summer, spring and autumn by solar
collectors.

The major challenge in application scale is the stability of the
supercooling. Unwanted, spontaneous solidification occurs due to for-
mation of crystal nuclei in the supercooled liquid. Mullin [45] defined
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two kinds of nucleation: From solution (when a nuclei is formed within
the supercooled liquid) or due to the presence of existing crystals
(introduced to the supercooled liquid).

In heat storage using supercooling of SAT, nucleation from solution
may occur due to impurities acting as nucleation agents in the SAT
mixture. Also, SAT composites will recrystallize when they cool down if
not all parts of the storage are heated to sufficiently high temperatures to
ensure full dissolving of sodium acetate in water [46]. Nucleation due to
presence of existing crystals must be avoided by means of appropriate
heat storage design. Unsmooth surfaces or cracks in the metal container
or heat exchangers may cause nucleation in a similar way as flexing the
metal disc in hand warmers [47]. Furthermore, containers must be
closed in order to avoid introduction of seed crystals via the air. The
roughness of the container surface may have an effect on the super-
cooling as investigated by Awasthi et al. [48].

On-demand crystallization of supercooled SAT composites can be
either initialized by introducing a seed crystal e.g. by injection or
crystallization can be initiated by rapid local cooling to temperatures
below —15 °C utilizing Peltier elements or CO2 evaporation [44].
Crystallization velocities has been reported by Dietz et al. [43] and the
nucleation in heat packs has been investigated by Rogerson and Cardoso
[29].

Wang et al. [49] and Shamseddine et al. [51] have made compre-
hensive reviews of SAT with supercooling as a heat storage material.

Several authors have applied SAT in various systems and reported
their findings. Kutlu et al. have coupled a SAT heat storage with a heat
pump system [52]. Wang et al. have applied industrial grade SAT in a
plate heat storage unit [53]. Chen has investigated the heat transfer of a
shell and tube heat storage tank with SAT [54]. Zhou et al. have applied
SAT in space heating systems [55].

1.3. Investigations on supercooling stability

During application, heat is stored and released in repeated melting,
supercooling and solidification processes, referred to as test cycles in this
work. Applied methodology for thermal cycling tests of materials was
reviewed by Ferrer et al. [56], concluding need for a common standard.
One example are test regulations by the German “RAL Giitegemeinschaft
PCM e.V.”, as applied for material development by Rathgeber et al. [57].

In previous work at DTU [58], a heat loss method has been applied to
identify promising SAT composites with stable supercooling properties.
Samples with a variety of additive concentrations were tested. Later,
Dannemand et al. [37,38], Englmair et al. [32,39] and Wang et al.
[40,50] have investigated prototype storage units with heat exchangers,
designed to enable stable supercooling with identified promising SAT
composites. The investigations were focusing on the heat transfer and
the applicability of stores for domestic applications. In their in-
vestigations, the supercooled SAT solidified spontaneously in some of
the tests. They did, however, achieve stable supercooling up to several
months in some tests. As reported by Rathgeber et al. it is important to
test PCM material under application conditions as the PCM may act
differently compared to small scale material investigations [59].

1.4. Aim and scope

In order to assess the long-term performance of a PCM in storage
unit, stability tests under repeated thermal cycling are crucial [60]. The
key for having a reliable storage utilizing supercooling of SAT com-
posites is to have a design of the storage tanks and heat exchangers
where the SAT can remain stable supercooled in the desired storage
period. The main aim of these investigations has been to elucidate how a
SAT composite performed related stability of supercooling in a tank
design made for application in buildings’ heating systems. Previous
studies [30,31,58] have shown that SAT composites supercool stable in a
reliable way in sample sizes of around 200 g in glass jars, but not always
in metal tanks with up to 200 kg PCM [15,32,37,38]. It is essential to
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determine how reliable the stable supercooling is in units designed for
application; if there is a systematic behavior of spontaneous crystalli-
zation which can be addressed or if spontaneous solidification occurs
randomly. Therefore, it is essential to investigate over many repeated
cycles, whether there in a specific storage design occurs spontaneous
solidification, and if individual storage units with similar design perform
differently.

This work aims to elucidate barriers in moving the technology closer
to real application by investigating the cycling stability, including
supercooling, in multiple tanks with a design which is ready for appli-
cation and can be mass produced. The stability of the supercooling of
SAT composites in ten identical domestic hot water tanks with PCM in
mantles of the tanks [61], have been investigated. The focus of this study
was to investigate under which charge and discharge conditions the SAT
composite remained supercooled. For this purpose, different charging
temperatures and periods, and discharging temperatures were applied.

Further, the investigations aimed to elucidate if the spontaneous
solidification started during the discharge or from the supercooled
standby period and if it started from specific locations in the storage unit
or from random locations.

The authors have not found research in the literature, which to this
extent have investigated the stability of supercooling of SAT composites
in storage tanks over repeated tests and elucidated the effect of charge
and discharge temperatures. The authors believe that the work pre-
sented in this article will provide valuable knowledge for future devel-
opment of heat storage with supercooled SAT.

2. Method and experimental setup

A test rig with 10 identical heat storage units with water and PCM
was installed in a laboratory at the Technical University of Denmark.
Multiple heating and cooling test cycles with various charge and
discharge temperatures and durations were carried out with the tanks.
This was done to develop data for evaluating the stability of the super-
cooling of SAT in the heat storage tanks from an industrial production
line and to elucidate the effects of the charge and discharge conditions.

2.1. The heat storage units

The heat storage units were developed by H.M. Heizkorper GmbH &
Co. KG under the product name “LOT - Latent On Top”. The tank was a
150 1 hot water storage tank with internal heat exchanger spirals for a
solar collector loop and an auxiliary heating source. The heat exchanger
spirals were not used in these investigations. The cold-water inlet was
located in the bottom of the tank. The hot water outlet was made with a
pipe extracting water from the top of the tank, down through the tank
and exiting at the bottom of tank. This was to avoid thermal bridges in
the upper part of the storage. The height of the tank was 1.65 m. The
inner diameter of the water tank was 356 mm. A 1.4 m high mantle was
welded to the outside of the water tank so that it enclosed the majority of
the water tank on the sides, See Fig. 1. The thickness of the mantle
chamber was 20 mm. The tank was insulated with 90 mm PUR-foam.

The mantle was only partly filled and contained 35 kg of SAT com-
posite. The composite was developed by the manufacturer of the storage
unit and patented in Europe with the number EP 3438225 A1l. The latent
heat of fusion of the SAT composite at 58 °C has been determined to
240-264 kJ/kg [41]. The density and specific heat capacities have not
been measured for this specific SAT composite. Heat was transferred
between the water and the PCM through the tank wall. The tanks were
constructed with standard stainless steel plates. No measures were taken
to reduce roughness of surfaces of the PCM chamber. The mantle con-
taining the PCM was open to the ambient via an air filter on a pipe
connected to the top part of the PCM mantle. This semi-open design of
the PCM chamber was made to avoid pressure changes in the PCM
mantle during expansion and contraction of the SAT while minimizing
particles in the ambient air entering the PCM chamber and potentially
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Fig. 1. Storage tank diagram with heat exchangers, in- and outlet and mantle
with PCM. (Reference: H.M. Heizkorper).

triggering the solidification undesired.

To trigger the solidification of the supercooled SAT actively, SAT
crystals were blown into the top of the PCM mantle with an air
compressor when needed. This device is referred to as the crystal
blower. Crystal blowers were mounted on top of each tank.

2.2. The 10 unit hydraulic loop

Ten identical tanks, shown in Fig. 2, were connected to a pipe loop
allowing for charging and discharging the tanks in parallel. A test rig for
heating and cooling allowed for controlling the temperatures during
charge and discharge of the tanks. Each tank was heated and cooled via
direct inlet of water into the bottom part of the tank through the cold-
water inlet. The outlet from each tank was from the top of the tank
through the hot water outlet. For both charge and discharge the flow
direction was into the bottom of the tank and out from the top. A
schematic of the test rig with the ten storage units is shown in Fig. 3.

A pump circulated the water in the loop and through the tanks.
Regulation valves and flow meters at the inlets of each tank were used to
adjust the flow through the tanks to be the same for all tanks. The flow
rate through each tank was approximately 150 1 per hour.

During charging, the water in the loop was heated with electric
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Fig. 2. Test rig installation with the 10 identical heat storage units.

heating elements with a power of 27 kW. A PID controller, integrated in
the test rig, was used to set the maximum forward temperature of the
water in the loop to a set temperature. During discharge, heat was dis-
charged via a heat exchanger to a central cooling system in the labo-
ratory. A thermostatic valve with temperature sensitive sensor was used
to discharge the tanks down to the desired temperature level. This me-
chanical valve with limited accuracy allowed for discharging to a tem-
perature with up to £2.5 K deviation of the desired level.

During the experiments, the 150 1 of water in each tank was heated
during charge and cooled during the discharge. Heat was transferred

Journal of Energy Storage 86 (2024) 111194

between the water and the PCM in the mantle through the tank wall.
2.3. Measurements, data logging and the automated control

DS18B20 digital temperature sensors with an accuracy of 0.5 K were
used to measure the temperatures of the tank surfaces, the water tem-
perature in the tanks and the forward and return temperatures before
and after the cooling and heating element. On each of the ten tanks
(T01-T10), 12 digital temperature sensors were placed on the outer
surface of the PCM mantle in good thermal contact with the tank wall
under the insulation. Four sensors were located in the upper (U) area of
the PCM mantle (TxxS1U, TxxS2U, TxxS3U, TxxS4U), four in the middle
(M) area (TxxS1M, TxxS2M, TxxS3M, TxxS4M), and four in the lower (L)
area of the mantle (TxxS1L, TxxS2L, TxxS3L, TxxS4L). All evenly
distributed along the circumference of the PCM mantle. One additional
sensor was located in the middle of the water volume (TxxS1W) to
measure the water temperature. The location of the temperature sensors
on each tank are displayed in Fig. 4. A total of 132 digital temperature
sensors were used to monitor the temperatures in the ten tanks. The
purpose of having the temperature sensors distributed over the surface
of the mantle was to elucidate where the solidification of the started.

A LabVIEW programmed control interface was used to log the tem-
perature measurements and to control the test cycles. The measurements
were logged with one minute intervals. An Arduino was used to run the
LabVIEW program, which controlled the pump in the pipe loop, the
heating elements and the motor valves for controlling the flow of heat
transfer fluid in the central cooling system. The air compressors for
initiating solidification were also controlled by the LabVIEW program.
An integrated function was used to detect a sudden temperature increase
and logged the order of the sensors where a temperature increase
occurred for each tank. This showed which sensor recorded a tempera-
ture increase first after the solidification of the supercooled PCM and
gave an indication of where the solidification started.

@ Temp. sensorin pipe
X Temp. sensor

< Flow meter
+»a Regulation valve

[ Crystal blower

i Motor valve

@ Pump

xOThem'nostatic valve

Fig. 3. Diagram of pipe loops incl. Heating and cooling system, temperature sensors, valves, pump and the ten storage tanks connected in parallel.
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TxxSxU

—PCM mantle
~ Water tank
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TxxSxM

TxxSxL

N
~_

Fig. 4. Location of temperature sensors (TxxSxU, TxxSxM, TxxSxL) on the PCM
mantle of the storage units.

2.4. PCM behavior

In the context of current research where utilizing supercooling of the
PCM is desired, the following terminology is used. Stable supercooling is
defined to be when the PCM remains in melted and supercooled state
after being cooled below its melting point and the PCM remains in
supercooled state until the solidification is intentionally triggered.
Spontaneous solidification is defined as when the supercooled PCM so-
lidifies before it is intentionally triggered. This may occur during the
discharge phase or from the standby phase when it has been cooled to a
desired temperature and the active discharging has stopped.

2.5. Experiments

Two different types of test series were carried out. The test cycles in
“experiment A” focused on the effect of different discharge temperatures
while charging the tanks until minimum temperatures were reached by
all temperature sensors on the surface of the PCM mantle. The test cycles
in “Experiment B” focused on the effect of different charge duration and
different charge temperatures with a fixed discharge temperature
simulating a cold-water temperature. Each of the selected test cycle
conditions (charge and discharge temperatures and durations) were
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repeated 5-7 times to form a better statistical basis for the evaluation.
The experiments carried out with similar charge and discharge tem-
peratures and durations are referred to as a “test series” in Table 1 and
Table 2.

The stability of the supercooling was evaluated based on if sponta-
neous solidification occurred before the crystal blower triggered the
solidification. It was distinguished whether the spontaneous solidifica-
tion occurred during the discharge period or if it occurred during the
supercooled standby period. The supercooled standby period was
defined as the period after the discharge flow was stopped and until the
crystal blower was activated.

2.5.1. Experiment A: Charge to a set mantle temperature — different
discharge temperatures
A test cycle in “Experiment A” consisted of the following states:

1. Charge the tanks with a fixed inlet temperature until a set minimum
temperature was reached for all the temperature sensors on the
surface of the PCM mantle. Two different temperature levels were
investigated. An inlet temperature of 87 °C until all sensors reached
78 °C and an inlet temperature of 92 °C until all sensors reached
83 °C.

2. Standby period in the heated state for 3 h without flow through the
tanks.

3. Discharge (sensible heat) until a set temperate for all sensors in the
tanks was reached. Different discharge temperature levels were
applied ranging from 6 °C to 37 °C.

4. Standby in supercooled state for 3 days with no flow through the
tanks.

5. Initialization of crystallization.

. Standby for 3 h to let the heat transfer from the PCM to the water.

7. Discharge of the reheated water (latent heat from PCM) until a set
temperate for all sensors in the tanks was reached.

o)}

An additional variation of the test cycles was made with 6 and 12 h
standby periods in the heated state instead of 3 h. This was done to
elucidate if a longer standby period in the heated state would affect the
supercooling. This variation was done for charging with 87 °C until the
temperature sensors had reached 78 °C and an outlet temperature of
10-16 °C. A total of 55 cycles were carried out with the 10 units in the
experiment A. Table 1 displays an overview of the test cycles carried out
in experiment A.

2.5.2. Experiment B: Charge with different temperatures and durations —
fixed cold discharge
The “experiment B” test sequence was:

1. Charge with an inlet temperature of 84 °C, 89 °C or 94 °C for 8, 10,
12 or 16 h.

2. Standby in heated state for 1 min.

3. Discharge (sensible heat) for 8 h with an inlet temperature of
approximately 10 °C (due to the mechanical valve controlling the
discharge temperature the actual inlet temperature varied between 7
and 11 °C.

4. Standby in supercooled state for 3 days.

. Initialization of crystallization.

6. Standby period of 3 h to let the heat transfer from the PCM to the
water.

7. Discharge of reheated water (latent heat from PCM) with an inlet
temperature of approximately 10 °C for 8 h.

[9)]

Table 2 summarizes the conditions for the test cycles and the tem-
peratures for charge and discharge. A total of 69 test cycles were carried
out in experiment B.
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Table 1

Overview of test cycles in experiment A.

Journal of Energy Storage 86 (2024) 111194

Test No. of repeated Heating element  Surface sensor minimum Standby period in Discharge inlet Surface sensor maximum
series no. test cycles set point temperature for end charge [°C] heated state temperature range temperature for end discharge
°cl [hours] (average) [°c]
r°cl
1 5 87 78 3 13-14 (13.4) 24
2 6 87 78 3 20-25 (21.7) 27
3 7 87 78 3 28-30(29.2) 32
4 6 87 78 3 33-37 (35.6) 38
5 6 92 83 3 6-12 (9.3) 18
6 6 92 83 3 18-25 (23.8) 25
7 6 92 83 3 27-30 (28.4) 32
8 6 87 78 6 10-16 (13) 20
9 7 87 78 12 10-12 (11.4) 20
3. Results and discussions
Table 2
Overview of test cycles in experiment B. . .
In the following, temperature developments during test cycles are
Test No. of test Heating Duration of Discharge inlet presented. Supercooling stability was evaluated.
seriesno.  cycles element set heating temperature
point [hours] Range (average)
°c] °c] 3.1. Test cycle examples
10 6 84 8 7-9(7.3) - .
11 7 84 10 810 (9.0) Measurements from selected test cycles are shown in Fig. 5 to Fig. 11.
12 6 84 12 7-9 (8.0) Details of a test cycle with 3 days stable supercooling, a test cycle with
13 6 84 16 7-10 (8.6) spontaneous solidification during discharge and a test cycle with spon-
14 6 89 8 8-11(9.9) taneous solidification in the standby period are presented.
15 6 89 10 9-10 (9.5)
16 7 89 12 8-10 (8.8)
17 7 89 16 8-10 (8.8) 3.1.1. Stable supercooled
18 6 94 8 9-10 (9.8) Fig. 5 displays the measured temperatures and the heating and
19 6 94 10 9-11 (9.9) cooling settings for a test cycle with a tank where the SAT remained
20 6 o4 12 8988 stable supercooled for 3 days and then triggered by the crystal blower.
Typically at the end of the charge process, the sensors TxxS1L had the
highest temperature and the sensors TxxS3L had the lowest temperaure.
100
g
90 =)
&=
80 ‘ 2
; c
70 ' >
H —
o il s
Lo—d | H o
v 60 . i; =
5 -
© 50 i S
— H >
2 i 5
e 40 o
() ' Q0
- .
30 °
S
20 ob
£
10 =
9]
T
0 0
0 1000 2000 3000 4000 5000 6000
Time [Minutes]
- = =TO05S1L - = =T05S2L - = =TO05S3L TO5S4L
— T05S1M TO552M —T0553M — T0554M
......... TO5S1U cssesense TO5S2U ceeveenes TO5S3U cerveenes TO5S4U
TOSSIW ~ mmm- Cooling = ====- Heating ~  «eeeeeens Crystal blower

Fig. 5. Temperature development in tank 5 during test, experiment B, test cycle 18, where the SAT was supercooled for 3 days before solidification was triggered

with the crystal blower. Charge period was 8 h with an inlet temperature of 94 °C.
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This temperature distribution may be related the flow rate, the location
and the shape of the inlet.

Fig. 6 shows the temperatues at the end of the charge period. At the
start of the discharge it can be seen that the temperture in the lower part
of the tanks dropped first as expected, when the discharge of hot water
was from the top and inlet of cold water to the bottom.

Fig. 7 shows the measured temperature increase of the sensors in the
tank after the solidification of the supercooled SAT was triggered by the
crystal blower. Triggering occurred without flow through the tank. The
temperature increase started at T0O4S1U in the upper part of the SAT
mantle near the crystal blower. The water temperature increased 10-12
K. It can be seen that the temperatures for the M sensors reached 54 °C,
close to the melting temperature of SAT. The lower sensors L did not
reach the same temperature level most likely because they are located at
the very bottom of the PCM mantle and did not receive as much heat
from the solidifying SAT because of higher heat transfer away from this
area due to the geometry. The temperature of the upper sensors U
increased even less and appeared to measure the temperature on the
outside of the mantle at the air volume above the PCM.

3.1.2. Spontaneous solidification during discharge

Fig. 8 shows an example of a test cycle where the SAT solidified
spontaneously during discharge.

Fig. 9 shows the details of the temperature development for the
spontaneous solidification. The temperature in the bottom of the tank
dropped first as the discharge was from the top and the cold inlet was
into the bottom. The sudden temperature increase from the solidifica-
tion started at the bottom sensors and was followed by the middle and
upper sensors indicating the solidification started from the bottom. The
spontaneous solidification occurred in the 580th minute time step dur-
ing the discharge in this example.

3.1.3. Spontaneous solidification from standby period
Fig. 10 shows an example of a test cycle where spontaneous

95
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solidification occurred in the standby period approxinatly 16 h after the
end of the first dischage phase.

Fig. 11 shows in detail the temperature development when the
spontaneous solidification occurred. In this case, it can be seen that the
senor TO7S1L at the bottom of the tank started to increase first. This
indicates that the solidification started from the bottom of the PCM
mantle.

3.2. Experiment A: Charge to a set mantle temperature — different
discharge temperatures

For the test cycles in experiment A with charging until a specific
temperature for all the temperature sensors was reached, the charging
duration varied within test cycles with identical test conditions. The
charge duration varied between 10 and 14 h for the test cycles with
discharge temperatures around 10 °C in test series 1 and between 8 and
9 h for the test cycles with discharge temperatures around 35 °C in test
series 4.

On Fig. 12 to Fig. 14 the vertical error bars represent the standard
deviations of the occurrence in each test series. The horizontal error bars
represent the full temperature range in each of the test series. Trend lines
for each temperature interval are included. The discharge temperature
on the x axis represents the final temperature the tanks were discharged
to.

Fig. 12 shows how often stable supercooling for 3 days occurred for
the various charge temperatures and discharge temperatures — it
occurred in up to 85 % of the test cycles when the tanks were charged
with an inlet temperature of 92 °C and the discharge temperatures was
25-30 °C. The different test series show clearly that charging with an
inlet temperature of 92 °C resulted in a higher occurrence on stable
supercooling compared to charging with an inlet temperature 87 °C.
Further, it also shows that discharging with higher inlet temperatures
resulted in more stable supercooling. However, increasing the discharge
inlet temperature from 22 °C to 30 °C after being charged with an inlet
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ture range.

temperature of 92 °C and increasing the inlet temperature from 29 °C to
35 °C after charging with 87 °C only improved the stability of the
supercooling by 1 %.

Comparing test series 1, 8 and 9 with similar charge temperature and
durations but different standby periods in the heated state, showed that
leaving the tank in heated state for 6 h resulted in a more stable
supercooling compared to leaving the tanks in heated state for 3 h.
However, 12 h of standby in the heated state resulted in lower stable
supercooling compared to 6 h.

10

Fig. 13 shows that heating the units to 92 °C resulted in fewer cases of
spontaneous solidification during discharge compared to heating the
units to 87 °C. The difference was more obvious with lower discharge
temperatures.

The occurrence of spontaneous solidification during the standby
period dropped significantly with higher charge temperature as shown
in Fig. 14. In addition, the longer standby period in the heated state
resulted in reduced spontaneous solidification.

As the hot water in the tanks was replaced with colder water at the
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Fig. 13. The percentage of tests where spontaneous solidification occurred during discharge for the test cycles in Experiment A.
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Fig. 14. Percentage of tests where spontaneous solidification started from the cold standby period after being charged with 87 °C or 92 °C and discharged with

temperatures ranging from 6 °C to 37 °C.

start of the discharge, the discharge power, for each tank, peaked at up
to 14 kW after the tank had been charged to 92 °C and discharged to
10 °C. When the tanks had been charged to 87 °C and discharged to
30 °C, the discharge power peaked at 8.5 kW for each tank at the
beginning of the discharge.

3.3. Experiment B: Charge with different temperatures and durations —
fixed cold discharge

Fig. 15 shows for each test series how often stable supercooling was
achieved for the 3-day period. Charging for 10 h with an inlet temper-
ature of 89 °C had the highest occurrence of stability across all the
scenarios. Charging for 12 or 16 h at 89 °C resulted in fewer cases of
stable supercooling. Charging with 89 °C compared to 84 °C clearly
resulted in higher stability. Charging for 12 h resulted in the highest
occurrence of stability for charging with 84 °C. Charging for 8 h resulted
in the highest occurrence of stability for charging with 94 °C. Charging
with 94 °C did not improve the stability compared to charging with

11

89 °C.

The surface temperatures at the end of the charge period ranged from
2 to 8 K below the water temperature in the tank depending on the
location of the sensors.

In Fig. 15 to Fig. 17 the error bars represent the standard deviation.
The points are shifted slightly off the values on the x-axis to avoid
overlapping of the error bars. Charge periods were 8, 10, 12 or 16 h for
all tests. Trend lines for each temperature interval are included. Across
all the test cycles, the average discharge temperature was 8.9 °C with a
variance of 2.3 K.

Fig. 16 shows that increasing the charge temperature from 84 °C to
89 °C led to fewer cases of spontaneous solidification during the
discharge. Charging at 94 °C showed not to reduce the cases of spon-
taneous solidification further, but increased the occurrence compared to
89 °C.

Fig. 17 shows that for charge temperatures of 89 °C and 94 °C,
shorter charge durations resulted in fewer cases of spontaneous solidi-
fication in the supercooled standby period. However, for charging with
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Fig. 16. Occurrence of spontaneous solidification during discharge for charge temperatures and durations of 84 °C, 89 °C and 94 °C for 8, 10, 12 and 16 h.

84 °C the occurrence of spontaneous solidification dropped as the charge
duration increased from 8 to 10 and 12 h.

The large error bars for each the occurrences in Fig. 12 to Fig. 17
shows that the repeatability is rather low and the uncertainty is rela-
tively high.

3.4. Tank performances

The total performance of the 10 tanks in 125 test cycles is presented
in Fig. 18. Spontaneous solidification occurred 357 times during
discharge, 114 times from the cold storage period and 779 times (62 %)
the PCM was supercooled for 3 days. In 3 of the 125 test cycles (test
cycles 12, 34 and 100) all tanks supercooled stable for 3 days and in one
of the test cycles only 2 of the 10 tanks supercooled stable (test series 20,
charge at 94 °C for 12 h).

Table 3 shows how often spontaneous solidification occurred during
discharge, from the cold storage period and how often the stable
supercooling occurred for each of the 10 tanks for all 125 completed test
cycles — there was a large deviation of how each individual tank per-
formed even though they were subject to the same test conditions. Tanks
TO1 and T10 performed the best and achieved stable supercooling in 84

12

% and 87 % of the test cycles. Tanks TO5 performed the worst with only
stable supercooling in 30 % of the test cycles.

Table 4 shows how the spontaneous solidification and supercooling
stability changed from experiment A to experiment B. On average, there
was a higher occurrence of stable supercooling in experiment A
compared to B. This was most likely because the discharge temperature
was higher in some test cycles in experiment A. Further, it can be seen
that tanks TO1, TO9 and T10 performed relatively similarly in experi-
ment A and B with only a small change in performance. Tanks T02, T03,
TO06, generally performed worse in experiment B compared to A with
more spontaneous solidification both during discharge and from the
storage period. Tanks T04, TO5 and TO8 had similar occurrences of
stable supercooling in experiment A and B but the spontaneous solidi-
fication shifted from occurring in the in standby period to occurring
during the discharge. Tank TO7 showed to achieve more stable super-
cooling in experiment B compared to A.

3.5. Solidification starting point

When the crystal blower initiated the solidification, the solidification
started from the top of the PCM mantle. The first temperature increase
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Table 3

Occurrence of spontaneous solidification during discharge, spontaneous solidification in the cold storage period and stable supercooling for each tank for the 125 test
cycles.

Test series 1-20, Exp. A+B

TO1

TO2

TO3 TO4 TO5 TO6 TO7 TO8 T09 T10 all
Spont. solid. during discharge 13 % 43 % 21 % 29 % 44 % 52 % 22 % 18 % 33 % 10 % 29 %
Spont. solid. in storage period 3% 2% 14 % 16 % 26 % 3% 7 % 10 % 7 % 2% 9 %
Stable supercooling 84 % 55 % 66 % 55 % 30 % 45 % 70 % 71 % 60 % 87 % 62 %

Table 4

Changes in spontaneous solidification and supercooling from experiment A to experiment B. (negative values means fewer occurrences in experiment B compared to A,
positive values mean more occurrences in experiment B compared to A).

Change Exp A—Exp B TO1 T02 TO3 TO4 TO5 TO6 TO7 TO8 T09 T10 all
Spont. solid. during discharge 1% 10 % 18 % 13 % 25 % 39 % —-11% 14 % 4% —4% -11%
Spont. solid. from cold 6 % 3% 15 % -16 % —20 % 3% -3% -17 % —-3% 1% 3%
Stable supercooling -6 % -13 % -33% 3% —-5% —42 % 14 % 3% -1% 3% -8%

13
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was registered at sensor “1U” in all cases.

The longest streak of stable supercooling occurred in tank TO7,
which supercooled stable 23 times in a row in test cycles 31 to 53.
However, this tank also solidified spontaneously 11 times in a row in test
cycles 1 to 11. TO5 solidified spontaneously 46 times in a row in test
cycles 44 to 92 and in test cycles 113 to 117 it was stable supercooled 5
times in a row. In tanks TO1 and T10, the occurrences of spontaneous
solidification were relatively evenly distributed over all the test cycles
without any clear tendency or correlation to the charge and discharge
conditions.

Table 5 to Table 8 shows a summary of where the spontaneous so-
lidification occurred for each tank. Table 5 shows an overview of the
solidification starting point when solidification occurred during
discharge. “NC-SF” represents that it was not clear where the solidifi-
cation started due to sensor failure or data loss. Only one temperature
sensor in the bottom of tank TO6 was functioning in part of the test
cycles. It was therefore not clear where in the bottom the solidification
started in some tests. “XL” represents that the solidification started at the
bottom of the PCM mantle.

Overall, it was observed that when solidification occurred during the
discharge, the solidification started at the bottom of the PCM mantle in
at least 85 % of the cases. The solidification was recorded to start at all of
the different lower temperature sensors at some point over all the test
cycles. However, it appears that the solidifications occurred more
frequently at some sensors in some tanks. E.g., in TO5 where the solid-
ification appeared to start near sensor 3 1 in 35 of the 55 cases. The 9
times the solidification started near sensor 2M in T06, it was within 11
consecutive test cycles (test cycles 61 to 72). In 6 % of the cases, the PCM
appeared to solidify without supercooling (no super.) at around 54 °C
and it was not possible to trace where the solicitation started.

As the tanks were discharged with the hot water draw off from the
top and the cold water inlet to the bottom of the tank, the discharge
process may favor solidification starting from the bottom.

Table 6 shows an analysis of solidification start-temperatures when
the solidification occurred during discharge for experiment B, where the
tanks were discharged to approximately 10 °C. In 12 % of the cases the
solidification occurred without any supercooling registered. Even T01,
which generally performed well, had 3 of the 9 cases where the solidi-
fication occurred without supercooling. In 8 of the 10 tanks spontaneous
solidification occurred at least once without supercooling during
discharge.

Table 7 shows an analysis of solidification start-locations when so-
lidification occurred in the cold supercooled standby period. The so-
lidification started from the bottom in 82 % of the cases. In TO5 the
solidification appeared to start near sensor 3 1 in 26 of the 33 cases. In
TO8 the solidification appeared to start near sensor 2L in 11 of the 13
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cases. In TO3, the solidification started in the upper part of the PCM
mantle in 10 of the 17 cases.

Table 8 shows an analysis of how long the SAT was in the super-
cooled storage period before spontaneous solidification started. The
solidification occurred in all the selected time intervals. There is a slight
tendency that the solidification tended to happen earlier rather than
later. The tendency indicates that if the storage periods were extended
over the 3 days, some spontaneous solidification would be likely to
occur at some point in the following time intervals.

3.6. Perspective

The spontaneous solidification occurred without a clear pattern. The
theory on heterogeneous nucleation indicates that any surface or im-
purity in the supercooled PCM will pose a risk to form nuclei and start
solidification [62]. Rough and unsmooth surfaces are more likely to
have structures where nuclei can form. Also, high cooling rates are listed
as causes of nucleation. The reason that the spontaneous solidifications
in most cases started from the bottom of the tanks may be that impurities
in the PCM has settled to the bottom of the mantle or that multiple
surfaces were welded together in the bottom of the PCM chambers
which could lead to less smooth surfaces. That the spontaneous solidi-
fication started at many different locations indicates that there are
multiple locations in the PCM chamber where nuclei were formed. If
spontaneous solidification starts from impurities or surfaces, it may be
difficult, with the current knowledge, to avoid spontaneous solidifica-
tion completely with the current design. Potentially, another tank ma-
terial could result in more stable supercooling. It cannot be excluded
that there are other reasons for the spontaneous solidification than im-
purities and the PCM chamber surface such as vibrations or pressure
change.

The supercooling stability was higher with higher discharge tem-
peratures — corresponding to low cooling rates of the SAT composite.
This may lead to an opportunity to look at systems where the discharge
temperature is higher compared to a cold-water inlet, e.g., for space
heating. In these investigations the storage tanks were fully discharged
in one go. A more realistic domestic hot water draw off pattern may
result in a lower cooling rate. A system design that allows for some
occasionally spontaneous solidifications may be acceptable if solidified
tanks can be reheated and then supercool in the following discharge.

The randomness of the results related to spontaneous solidification
shows that more research is needed to fully understand the behavior of
supercooled SAT in building application.

Table 5

Overview of solidification starting point when solidification occurred during discharge.
Tank TO1 TO2 TO3 T04 TO5 TO6 TO7 TO8 T09 T10 All %
Sensor
1U 0 0 0 0 0 0 0 0 1 0 1 0%
2U 0 0 1 0 0 0 0 0 0 0 1 0%
3U 0 0 1 0 0 0 0 1 0 0 2 1%
4U 0 0 0 2 0 0 0 0 1 0 3 1%
1M 0 0 1 1 0 0 0 0 0 0 2 1%
2M 0 0 1 1 0 9 0 0 0 0 11 3%
3M 0 0 0 0 0 0 0 0 0 0 0 0%
4M 0 0 1 0 0 0 0 0 0 0 1 0%
1L 5 3 5 5 8 9 4 4 17 7 67 19 %
2L 1 18 4 9 5 10 5 7 8 1 68 19 %
3L 2 15 5 8 35 8 2 5 8 1 89 25%
4L 5 3 7 9 6 5 15 2 4 4 60 17 %
XL 18 18 5%
NC-SF 0 10 0 0 0 4 0 0 0 0 14 4%
Nosuper. 3 5 0 1 1 2 2 4 2 0 20 6 %
Total 16 54 26 36 55 65 28 23 41 13 357 100 %

14
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Table 6

Overview of solidification temperature when solidification occurred during discharge in experiment B.
Tank TO1 TO02 TO3 TO4 TO5 TO6 TO7 TO8 TO09 T10 All %
Temp.
<20°C 2 5 7 9 5 5 6 3 9 1 52 23 %
20-53 °C 4 16 13 14 29 39 3 11 9 5 143 62 %
53-58 °C 3 4 0 1 4 0 3 3 6 0 24 10 %
NC-SF 0 8 0 0 0 4 0 0 0 0 12 5%
Total 9 33 20 24 38 48 12 17 24 6 231 100 %

Table 7

Overview of solidification starting point when the solidification started in the cold supercooled standby period.
Tank TO1 TO2 TO3 T04 TO5 TO6 TO7 TO8 TO09 T10 All %
Sensor
1U 1 0 5 1 0 0 0 0 1 2 10 9%
2U 0 0 2 0 0 0 0 0 0 0 2 2%
3U 0 0 0 0 0 0 0 0 0 0 0 0%
4U 0 0 3 0 0 0 0 0 0 0 3 3%
1M 0 0 0 0 0 1 0 0 0 0 1 1%
2M 0 0 1 0 0 0 0 0 0 0 1 1%
3M 0 0 0 0 0 0 0 0 1 0 1 1%
4M 0 0 2 0 0 0 0 0 1 0 3 3%
1L 2 0 2 12 4 2 2 1 2 0 27 24 %
2L 0 0 1 0 3 1 2 11 0 0 18 16 %
3L 0 2 0 3 26 0 1 1 0 0 33 29 %
4L 1 0 1 4 0 0 4 0 4 1 15 13 %
Total 4 2 17 20 33 4 9 13 9 3 114 100 %

Table 8

Overview of supercooled storage period before spontaneous solidification from cold.
Tank TO1 TO2 TO3 TO4 TOS TO06 TO7 TO8 TO9 T10 All %
Time
0-10h 2 0 3 5 8 0 4 1 2 0 25 22%
10-20 h 0 1 3 3 5 1 1 2 0 0 16 14 %
20-30 h 1 0 4 5 3 1 1 1 1 0 17 15 %
30-40 h 1 0 0 3 5 1 0 2 3 0 15 13 %
40-50 h 0 0 2 0 3 0 0 4 2 0 11 10 %
50-60 h 0 0 3 2 6 0 1 3 0 3 18 16 %
60-72 h 0 1 2 2 3 1 2 0 1 0 12 11 %
Total 4 2 17 20 33 4 9 13 9 3 114 100 %

4. Conclusions

This research showed that stable supercooling was achieved in up to
87 % of the test cycles in heat storage units utilizing 35 kg of SAT
composite in tanks built in stainless steel. However, the behavior of the
supercooling was somewhat unpredictable. Temperature and durations
had some effect on the supercooling stability. The construction of the
individual tank or impurities in the PCM most likely influenced the
ability of the SAT to remain supercooled in the PCM chambers on some
tanks in particular. Careful manufacturing or other tank materials may
allow for more stable performance if the surfaces in contact with the
PCM are more smooth and cracks and impurities are avoided.

The supercooling stability in 10 identical heat storage units utilizing
stable supercooling of a sodium acetate trihydrate composite has been
tested. A systematic test strategy was applied to determine the influence
of charge- and discharge conditions. Each of the tested conditions was
repeated 5-7 times. There was a large spread in the results. Thus, a large
number of test series was applied — their analysis resulted in the
following findings:

e Across all test cycles, supercooling for 3 days was achieved in 62 % of
the cases. However, stable supercooling was achieved in up to 85 %
of the test cycles when the discharge temperature was 25-35 °C. The
occurrence of supercooling was lower with lower discharge
temperatures.

15

e Across all test cycles, the spontaneous solidification occurred during
the discharge in 29 % of the cases and 9 % of the cases during the 3
days cold standby period. The starting location of the crystallization
during discharge and in the period of supercooling (standby) was at
the bottom part of the PCM mantle in 85 % and 82 % of the cases.
The performance of individual tanks deviated a lot. The best per-
forming tank supercooled stable for the 3 days in 87 % of the test
cycles and the worst performing tank supercooled stable in 30 % of
the test cycles.

Both charging and discharging temperatures showed significant in-
fluence on the supercooling stability during discharge. The occur-
rence of spontaneous solidification from cold, supercooled state
(standby) depended largely on charging conditions, while the
discharge temperature had relatively little influence.

The charge duration that resulted in the highest occurrence of stable
supercooling was 12 h with 84 °C, 10 h with 89 °C and 8 h with 94 °C.
Longer charge durations resulted in lower occurrence of stable
supercooling.
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