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ABSTRACT

Heating decarbonisation through electrification requires the development of novel heat batteries. They should be
suitable for the specific application and match the operation conditions of domestic renewable energy sources.
Supercooled liquids, often considered a drawback of phase change materials, are among the most promising
technologies supporting heating decarbonisation. Although some studies have shed light on stable supercooling,
the fundamentals and stability remain open problems not always accompanied by relevant experimental in-
vestigations. This research critically analyses the physic and chemistry of sodium acetate (SA, NaCH3COO)
aqueous solution, a low-cost, non-toxic, and abundant compound with stable supercooling for long-term heat
storage. It has an appropriate phase change temperature for high-density heat storage using heat pumps or solar
thermal technologies in residential applications. The existing discrepancies in literature are critically discussed
through a systematic experimental evaluation, providing novel insights into efficient material design and
appropriate boundary conditions for reliable material use in long-term heat batteries. Despite previous studies
showing that the thermal reliability and stability of sodium acetate aqueous solution as a supercooled liquid for
heat storage cannot be guaranteed, this study demonstrates that through an appropriate encapsulation and
sealing method, the peritectic composition of sodium acetate solution (p-SA 58 wt%) can be used as a super-
cooled liquid for long-term heat storage with a stable melting temperature of 57 °C, appropriate for domestic
heat technologies. It is demonstrated that energy storage efficiency can be maintained under cycling, with a
constant latent heat storage capacity of 245 kJ/kg and a volumetric storage density of 314 MJ/m>. It was
confirmed that the material should achieve a fully-melted state for stable supercooling. Finally, local cooling and
retaining seed crystals through high pressure were highlighted as the most suitable basic principles for successful
crystallization and heat release. This promising material can store energy for long periods without latent heat
losses due to its stable subcooling. Latent heat can be released when required at any selected time and tem-
perature just by a simple activation process.

1. Introduction

affecting the electricity system, above all in highly gas-dependent re-
gions [4,5].
The opportunity for flexible electricity systems based on renewable

Reducing greenhouse gas emissions from buildings requires the
complete decarbonisation of the heating sector [1,2], responsible for
approximately 40 % of final energy consumption, where 75 % is still
based on fossil fuels [3]. The decarbonisation of heat through electrifi-
cation is highlighted as the most promising alternative [4]. However, it
could cause a significant increase in peak power demand, adversely

energy sources and heat storage in buildings is moving rapidly through
global energy policy discourse [6]. Recent studies show that heating
flexibility solutions in buildings can efficiently shift heat consumption to
off-peak hours by up to 29 %, achieving economic savings of 20 % for
end-users and reducing the associated electricity cost due to cheaper
low-carbon energy generation technologies [7]. Heitkoetter et al. [8]
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Nomenclature

DSC differential scanning calorimetry
NaCH3COO sodium acetate

PCM phase change material

p-SA peritectic sodium acetate aqueous solution
PTFE polytetrafluoroethylene

SA sodium acetate

SAT sodium acetate trihydrate

SD standard deviation

T temperature, °C

TES thermal energy storage

TGA thermogravimetric analysis

Greek letters

AT temperature difference, °C

AH latent heat of fusion per unit mass, kJ/kg

Subscript and superscript
amb ambient

reported that energy investment costs could be reduced by 23 % through
efficient load shifting by heat pump flexibilization. Interactive real-time
pricing has been demonstrated to effectively reduce peak loads and in-
crease the off-peak load, thereby stabilizing the load fluctuation [9].
However, this integration still requires more efficient, reliable, high-
density and long-term thermal energy storage (TES) systems to in-
crease the load shifting capacity [10].

Heat storage to support energy flexibility should also be suitable for
the desired application and match the operation condition of efficient
electric heat pumps and other renewable heat technologies in buildings
[11]. In this case, the thermal storage temperature range is crucial.
Storage temperature should be adapted according to space heating, and
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hot water needs since higher flow temperature in the storage mode can
reduce the unit's efficiency [12]. Thus, it is recommended that storage
temperature ranges between 40 and 60 °C according to the operating
temperature of common domestic heat technologies [13].

Many TES compounds have been proposed to increase the share of
renewable energy in the heating sector. Among them, heat storage in the
form of latent heat has attracted much attention since phase change
materials (PCM) can store a more significant amount of heat in a short
temperature range when the material undergoes a phase change from a
physical state to another [14,15].

Fig. 1 illustrates the most common experimentally tested PCMs
(Fig. 1a) [16] and commercially developed PCMs (Fig. 1b) [14]. Each
dot represents a PCM according to the melting temperature (°C) on the
x-axis and volumetric latent heat storage capacity (MJ/m>) on the y-
axis. Sensible TES processes in water for heating and cooling applica-
tions are also illustrated as a reference value (dashed yellow line). This
figure allows identifying the PCMs with the highest volumetric storage
capacity and with an appropriate melting temperature for thermal ap-
plications: below 21 °C for cooling applications, between 22 °C and
28 °C for comfort solutions, and over 30 °C for hot water, space heating,
and solar applications.

Experimentally tested PCMs in Fig. la include organic compounds
(paraffins, fatty acids, esters, sugar alcohols, polyethylene glycols and
others), inorganic materials (salt hydrates and metals) and eutectic
mixtures (mixtures of inorganics and/or organics). Salt hydrates, char-
acterized by the general formula: salt-xH»O, are identified as the best
available compounds with storage densities up to 514 MJ/m> [17]. They
are non-flammable and low-cost and present high thermal conductivity
compared to organic compounds [18,19]. However, they often show
some disadvantages which limit their applicability, such as phase
segregation and subcooling, which reduce thermal stability and reli-
ability [20,21], corrosiveness [16] and high thermal expansion during
the phase change [22]. Phase segregation refers to converting a single-
phase system into a multi-phase system, and supercooling is related to
a liquid existing at a temperature lower than the melting temperature.
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Fig. 1. Overview of phase change materials. a, Experimentally tested latent heat storage compounds and selected material for long-term thermal energy storage

(SAT, NaCH3COO-3H;0). b, Commercially developed PCMs.
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In the temperature range for hot water and space heating applica-
tions (vertical dashed black lines in Fig. 1a and b between 40 and 60 °C),
sodium acetate trihydrate (SAT, NaCH3COO-3H50) is highlighted as one
of the most promising heat storage compounds (highlighted with a red
circle in Fig. 1a). Its benefits lie in its high thermal storage density (514
MJ/m®), a phase change temperature at 58 °C appropriate for domestic
heating applications (40-60 °C), low cost, non-toxicity and abundance
[16,19]. Moreover, in comparison with thermochemical storage, SAT,
along with other PCMs, has the advantage of not requiring auxiliary
components, such as tanks and heat exchangers, which significantly
reduce the final energy density of thermochemical storage by more than
50 % [14,23]. However, the main drawbacks of SAT, similar to other salt
hydrates, are related to a lack of stability due to phase segregation, a
high degree of supercooling, and low thermal conductivity [16].

Researchers and developers' primary focus has been on eliminating
or significantly reducing their associated barriers by obtaining a stable
composition without phase segregation and with a reduced degree of
supercooling. Phase segregation is commonly prevented by microen-
capsulation [24] with coating polymers [25,26], or by adding thick-
ening agents, such as carboxymethyl cellulose with a content ranging
from 1 to 5 wt% [27-29], xanthan rubber (0.25-1 wt%) [22], poly-
acrylamide (1-2 wt%) [30] or cellulose nanofibril (0.8 wt%) [31].
Supercooling is frequently reduced or eliminated by using nucleating
agents [32], which improve the homogeneous crystallization ability of
hydrates [33]. As nucleating agents, disodium hydrogen phosphate
dodecahydrate (NapHPO4-12H0) [27-29,34], sodium metasilicate
nonahydrate (NaSiO3-9H0) [29,34], tetrasodium pyrophosphate
decahydrate (NasP207-10H20) [29,30,34] or sodium tetraborate deca-
hydrate (NazB407-10H20) [29] are used. Other studies focus on sup-
porting matrices for shape-stabilised composite PCM [35,36].
Additional, recent research evaluates how to enhance the thermal con-
ductivity to increase the thermal power, above all during solid periods
characterized by high thermal resistance. Thermal conductivity is usu-
ally enhanced by embedding powders and particles [37,38], such as
copper powder [29], graphite powder [22], silver nanoparticles [39],
aluminium nitride nanoparticles [40], copper nanoparticles [34] or
expanded graphite [29,41,42]. Other studies even proposed novel heat
exchange designs to overcome this low thermal power capacity, such as
a screw heat exchanger [43] or rotating drum heat exchanger [44] in
order to remove the solidified PCM layer in the heat exchanger surface,
keeping the thermal power constant over time. As a result, all these
advances and other improvements have resulted in a large portfolio of
commercially available phase change compositions illustrated in Fig. 1b
[15,19].

Despite supercooling being commonly attributed as a drawback
[15,16], some studies have provided insights into using this property for
long-term heat storage [45]. They use the terms undercooling, sub-
cooling and supercooling alternatively since the melted liquid can cool
down below its melting point without solidifying, remaining in a
metastable state where the heat of fusion is not released [46,47]. In this
supercooled stage, the liquid remains in a supersaturated state where the
solution contains more solute than permitted by stable thermodynamic
equilibrium, and homogeneous nucleation is not induced. So, the latent
heat of material can be efficiently stored for long periods without latent
heat losses until nucleation is initiated.

Stable supercooling could efficiently store low-carbon energy by
melting the PCM, using solar energy or heat pumps throughout off-peak
and low-carbon periods. After melting, the liquid material can supercool
substantially below its melting point. As long as crystallization does not
happen, the latent heat of the material can be stored for long periods
without heat losses.

The ability of a supercooled compound to remain liquid at temper-
atures well below its melting point has been applied to different small-
scale devices for warming foods [48] and drinks [49,50], portable
heaters [51,52], pocket-sized heat packs [53,54] and body warmers
[55,56]. They consist of a sealed envelope containing an aqueous
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solution with a trigger device. This trigger is able to initiate the nucle-
ation and solidification of the liquid to release latent heat and can be
used several times. Different studies have evaluated the reliability of
triggers in promoting nucleation and crystallization. They can be clas-
sified into the following groups: seeding, local cooling (or supersatura-
tion), impurities, electrical means, mechanical shocks, and agitation.
However, the performance of different alternatives has shown discrep-
ancies in the literature about their reliability [57]. Moreover, other
experimental studies have evaluated the potential application of this
material for solar TES by testing small-scale prototypes, initiated by
Furbo et al. [58-60] and continued by Dannemand et al. [61-65],
Englmair et al. [66-70] and Desgrosseilliers [71], among others.

Although several researchers and scientific publications have pro-
vided insights about supercooled liquids, the fundamentals for stable
supercooling remain an open issue not always accompanied by relevant
material investigations [19]. Existing discrepancies and research gaps
are based on the fact that TES efficiency under cycling is not guaranteed
by previous findings [research gap 1]; material segregation is not always
correctly overcome [research gap 2]; stable supercooling is not as reliable
as desired [research gap 3]; and crystallization is spontaneously triggered
under inadequate boundary conditions or inaccessible under inappro-
priate material use [research gap 4]. Previous studies state that the sta-
bility of supercooled sodium acetate (SA, NaCH3COO) aqueous solution
cannot be ensured [72], showing that SA concentration of 54.85 wt%
does not have stability after 20 cycles due mainly to the water loss
during cycles, reducing thermal capacity from 194 to 179 kJ/kg [64], or
even requiring concentration below the solubility curve of anhydrous
salt to prevent precipitation [73]. Other studies to improve material
stability by avoiding the evaporation of crystal water and phase segre-
gation have reduced or even eliminated the subcooling potential of
material [74]. It should also be noted that the understanding of crys-
tallization is a longstanding issue in solid-state chemistry [47,75],
remaining one of the most enigmatic processes in nature [76]. Addi-
tionally, the mechanisms to control reliable crystallization are chal-
lenging in technical applications [45], with discrepancies found in
previous studies [57]. These are the main barriers that today limit their
use in commercial heating applications. Supercooled SA solutions still
need to be widely understood to efficiently support the pathway towards
long-term heat storage systems to push domestic heating
decarbonisation.

This research evaluates through a systematic experimental charac-
terisation the physic and chemistry of the most promising supercooled
liquid for long-term heat storage suitable for heating decarbonisation,
based on SA. The aim is to clarify the existing discrepancies in the
literature and identify the optimal material configuration and additional
research needs required for a real application. The experimental
methods were based on infrared thermography, differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA) and different
experimental setups with different test tubes and containers monitored
with thermocouples. Moreover, a small-scale experimental heat battery
prototype was built and tested, integrating the most stable and reliable
configuration to demonstrate its suitable operating conditions to support
heating decarbonisation in a real environment. The results are critically
compared with the existing literature contributions and confirm how SA
solutions can achieve high thermal reliability, stable supercooling,
reliable crystallization, and constant efficiency and stability under
cycling without additional additives for long-term heat storage, which
differs from previous studies. The main research contributions of this
work are:

e Existing discrepancies in the literature about supercooled SA solu-
tions are clarified, showing the fundamentals for an optimal material
configuration. Despite previous studies showing that the thermal
reliability and stability of SA aqueous solution as a supercooled
liquid for heat storage cannot be guaranteed, this study demonstrates
how through an appropriate encapsulation and sealing method, the
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peritectic sodium acetate aqueous solution (p-SA at 58 wt%) can be
used as a supercooled liquid for long-term heat storage with a stable
melting temperature and latent heat capacity without any additional
additive (addressing research gaps 1 and 2).

e The required boundary conditions for stable supercooling and the
best available trigger mechanisms for reliable crystallization are
highlighted, clarifying the discrepancies with previous studies
(addressing research gaps 3 and 4).

These contributions pave the way for developing long-term thermal
storage alternatives to support the building sector in the effort to
decarbonise heating. The study demonstrates the potential benefits of
supercooled liquids for long-term heat storage. Additionally, additional
research needs for a wide deployment of this promising heat storage
alternative in real applications are highlighted.

The paper is structured as follows. First, the materials and methods
are detailed. Second, the results are provided and discussed through a
systematic experimental evaluation divided into the following sections:
evaluation of supercooling process through infrared thermography
(8.1); supercooling stages in phase diagram showing the fundamentals
and required boundary conditions for a functional material performance
with long-term stability and reliability (3.2), additional requirements for
stable supercooling in the metastable liquid zone (3.3); evaluation of
maximum temperature required for heat storage in a real environment
(3.4); validation of best available crystallization alternatives (3.5);
evaluation of TES density (3.6); demonstration of thermal reliability,
stability and storage efficiency of p-SA under cycling (3.7); and potential
applications to support heating decarbonisation (3.8).

2. Materials and methods
This study experimentally analyses the optimal SA-based solution as
a supercooled liquid for long-term heat storage. Materials and prepa-

ration are detailed in Section 2.1. Methods for experimental testing are
defined in Section 2.2.

2.1. Materials

Sodium acetate trihydrate (SAT, NaCH3COO-3H20) (CAS 6131-90-4)
with purity higher than 99.5 % from Sigma-Aldrich was employed. SAT

Table 1
SA aqueous solutions tested.

D Name SA content (wt Water content (wt
%) %)
SAT Sodium acetate trihydrate 60.3 % 39.7 %
p-SA (58 wt  peritectic SA aqueous 58 % 42 %
%) solution
SA (56 wt%)  SA aqueous solution 56 % 44 %

Table 2
Experimental methods, targets, and properties evaluated.
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has 60.3 % sodium acetate (SA) and 39.7 % water [19,40,77]. SA-based
solutions were obtained from SAT by adding distilled water in order to
achieve a SA concentration of 58 % (peritectic composition, p-SA) and
56 %. They are detailed in Table 1. The SAT-water mixtures were ob-
tained by melting and stirring uniformly in sealed vials. A thermostatic
water bath was used for melting.

2.2. Experimental methods

Five experimental methods were used to systematically analyse the
physic and chemistry of sodium acetate (NaCH3COO) aqueous solutions.
They are summarised in Table 2 and detailed below.

2.2.1. Infrared thermography

Thermal images in different stages of the supercooling and crystal-
lization process were taken with a FLIR E5 infrared camera. This test was
performed to understand the heat release during the crystallization
growing process since the showed infrared temperatures are associated
with material emissivity and may differ from the real temperatures.

2.2.2. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) was used to evaluate the
melting point, latent heat capacity, supersaturation limit of supercooled
samples and efficiency under cycling. DSC Q200 instrument from TA
Instruments company was employed. The apparatus was calibrated
using the melting temperatures and latent heat of standard certified
reference material (Indio, In). Thermal analysis was performed using
samples with a low mass between 4.50 and 10.00 mg to improve heat
transfer and minimise thermal gradients within the sample [78]. All DSC
samples were encapsulated in Tzero Pans (container of the sample ma-
terial) with Tzero hermetic Lids (cap of the container). Measurements
were carried out in a temperature range from —50 to 75 °C with a heat
rate of 5°Cmin ", under a purified nitrogen atmosphere with a flow rate

of 50 mL min~ .

2.2.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to characterise the
water content of SA solutions. SDT Q600 instrument from TA In-
struments company was used, which provides simultaneous measure-
ment of weight change (TGA) and differential heat flow. All samples
with a mass of 15-25.00 mg were introduced in 90 pL alumina crucibles.
Measurements were carried out in a temperature range of 25-110 °C
with a heating rate of 5 °C min?, under a purified nitrogen atmosphere

with a flow rate of 100 mL min~".

2.2.4. Experimental setup with thermocouples

An experimental setup with different test tubes and containers of the
p-SA solution was carried out to evaluate the requirements and effi-
ciency of stable supercooling (Fig. 2). The temperature oscillation of
samples was measured with type T thermocouples, immersed in the
sample and sealed to prevent water evaporation. A thermostatic water

Experimental methods Targets

Infrared thermography
Differential Scanning Calorimetry (DSC)

Heat release during crystallization
Thermal application

Thermal storage capacity

Performance over several thermal cycles (Efficiency after thermal cycles)
Degradation of material with the increase of temperature
Material performance in a real environment

Thermogravimetric analysis (TGA)
Experimental setup with thermocouples

Test of crystallization alternatives Heterogeneous crystallization

Property Unit
Crystallization process -
Melting point °C
Supercooling °C
Supersaturation limit °C
Latent heat of phase change kJ/kg
Thermal reliability %
Thermal stability or weight loss %
Requirements for stable supercooling -
Phase change transition range °C
Thermal response during crystallisation °C

Crystallization reliability -
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Experimental instruments:

(1) Samples in test tubes, (2) Thermocouples, (3) Trigger (contact-induced nucleation),
(4) Data acquisition system, and (5) Thermostatic water bath.

Fig. 2. Experimental instruments for the characterisation of melting and
crystallization process.

bath was used for heating and melting. This setup was used to analyse
the following aspects:

-Requirements for stable supercooling in the metastable liquid zone.
Different experimental tests of different fully-melted and partially-
melted conditions were monitored;

-Phase change transition range in a real environment in order to
identify the operating temperatures required for a fully-melted condi-
tion using domestic heat sources;

-Thermal response during crystallization after long-term storage
periods. After different heat storage periods and activation tempera-
tures, the thermal response was compared using the temperature dif-
ference (AT) between the sample and reference obtained with type T
thermocouples.

Three identical samples were tested per experiment.

2.2.5. Crystallization alternatives for heat release

The boundary conditions for reliable crystallization were evaluated
by testing all mechanisms for heterogeneous crystallization found in the
literature and patents. The following crystallization methods were
tested: seeding, local cooling, impurities, electrical means, mechanical
shocks and agitation. They are summarised in Table 3. The complete
procedure for each crystallization method is explained, discussed and
compared with previous studies in section 3.5.

3. Results and discussion

The systematic experimental evaluation and characterisation of SA
aqueous solution as a supercooled liquid for long-term heat storage is
divided into eight sections. They are focused on the definition and
characterisation of the supersaturation state, the material design and
integration to avoid phase separation and spontaneous nucleation, the
boundary conditions to achieve stable supercooling and a reliable heat
release, the demonstration of thermal reliability, stability and efficiency
of the p-SA composition, and the discussion of potential applications.

Table 3
Crystallization methods promote heterogeneous crystallization.
Methods Definition
Seeding Providing a stable solid crystal from the same material to

promote crystallization

Displacing a portion of the material under the supersaturation
limit curve

Adding particles to be SA solution to modify the supersaturation
limit curve

Application of the electric fields to promote nucleation

Local cooling
Impurities

Electrical means

Mechanical Application of impact stress to trigger the crystallization
shocks
Agitation Stirring to trigger the nucleation

Journal of Energy Storage 55 (2022) 105584
3.1. Supercooling process through infrared thermography

The thermal energy storage process for long-term periods through
supercooled liquid is illustrated in Fig. 3, including material melting
(Fig. 3a), supercooling stage (Fig. 3b) and induced crystallization
(Fig. 3c). Different infrared thermography sequences were taken to
illustrate the heat storage process during each stage.

Fig. 3aillustrates the charging process (heat supply for TES). The salt
hydrate undergoes a phase change from solid to liquid while absorbing
heat, increasing its temperature. In Fig. 3b, the sample is cooled down to
the supercooling stage, releasing sensible heat but remaining the latent
heat since crystallization is not initiated. In this state, the melted ma-
terial in a liquid state cools down below its melting point without so-
lidifying and leaves it in a metastable state where the latent heat of
fusion is not released. It is caused by the poor nucleating properties of
the material [46,47] and could be controlled by different techniques
[57]. Thus, latent heat of material could be stored for long-term periods,
without latent heat losses, until the nucleation is triggered. Finally,
Fig. 3c shows the crystallization and heat release process of the sample.
A nucleation seed is added to the material (using a seed crystal in
Fig. 3by) to initiate the crystallization process and release all latent heat
stored, increasing the material temperature as shown in the infrared
thermography sequence (Fig. 3cj.4). In this process, material tempera-
ture is increased according to ambient temperature, in this case, up to
55 °C according to type T thermocouples measures.

3.2. Supercooling stages in the phase diagram

The behaviour of SAT and SA solutions in the supercooling stage is
illustrated in Fig. 4, which contains the phase diagram of SA aqueous
solutions (Fig. 4a) and the schemes (Fig. 4b) and photographs (Fig. 4c)
of incongruent and congruent melting under different SA-water con-
centrations. The phase diagram of sodium acetate aqueous solution was
created using experimental data from [79-82], and corroborated
through own experimental measurements. The phase diagram also
identifies the different states of the solution, with the identification of
anhydrous salt and water vapour zone (A), liquid SA solution zone (B),
liquid and SA trihydrate or metastable liquid SA solution zone (super-
saturated) (C), anhydrous in liquid SA solution (D), solid SA trihydrate
and anhydrous salt or metastable liquid SA solution with a precipitate of
anhydrous salt (supersaturated) (E), ice and SA trihydrate or labile zone
(supersaturated) (F), and peritectic composition (p-SA).

A supercooled liquid based on a salt hydrate consists of a supersat-
urated state. In this state, the solution contains more solute than
permitted by stable thermodynamic equilibrium, and homogeneous
nucleation is not induced [46]. This region is located between saturation
and maximum supersaturation in the phase diagram and it is designated
as the metastable liquid zone (zone C in Fig. 4a). The labile zone term is
employed for an even more concentrated solution state where sponta-
neous crystallization is likely, though not guaranteed (Zone F in Fig. 4a).
This supersaturated limit is not a sharply defined point since maximum
supersaturation decreases with the level of impurities and other physical
factors that encourage spontaneous nucleation [46,47]. For example, it
was evidenced that by increasing the impurity level when in contact
with steel components, the solution shifts the supersaturation limit from
—24 °C to —9 °C [67]. Besides, the material and roughness of the
container should be considered for appropriate supercooling stability.
Previous studies have demonstrated that higher roughness of the
metallic surface can reduce the supercooling degree, producing spon-
taneous crystallization [83]. Peng et al. [84] evaluated how the surface
free energy affects the stable supercooling, showing that containers
made of materials with lower surface free energy (e.g. stainless steel and
polytetrafluoroethylene (PTFE)) are considered beneficial in stabilizing
supercooling [84].

Pure SAT (NaCH3COO-3H,0) has a SA concentration of 60.3 % and a
water weight proportion of 39.7 %, similar to previous studies [40,85],
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and shows a melting temperature of 57.7 °C and a latent heat capacity of
284.5 kJ/kg in its first melting curve, with a standard deviation (SD) of
3.7. However, this composition is unstable after the first heating above
58 °C. It undergoes phase separation during melting, producing anhy-
drous salt and a peritectic SA solution (p-SA) containing 58 wt% of so-
dium acetate and 42 wt% water. This behaviour is illustrated in the
diagrams Fig. 4b; 2 and photograms Fig. 4c; 2. Due to its higher density,
the solid salt settles down at the bottom of the container, and it is un-
available for recombination with water during the reverse process of
freezing [21]. It results in an irreversible and incongruent melting with
phase segregation of anhydrous salt [19,77]. In this case, only heating
above 79 °C, as indicated by the phase diagram (Fig. 4a), could avoid the
presence of un-dissolved anhydrous salt. Nevertheless, adding a slight
excess of water at or below the p-SA concentration (p-SA in Fig. 4a)

avoids this problem, as illustrated in Fig. 4b3,4 and Fig. 4c3,4 [77].
Nevertheless, decreasing the SA solution concentration reduces the
phase equilibrium temperature and latent heat capacity. This is further
described in Section 4.6.

3.3. Requirements for stable supercooling in the metastable liquid zone

The boundary conditions for stable supercooling were evaluated
through an experimental setup previously defined in section 2.2.4 using
three test tubes containing the p-SA solution per experiment. Two ex-
periments were tested: one with fully melted samples and another with
partially melted samples. Heating and melting were conducted through
a thermostatic water bath. Then, cooling curves were monitored with
thermocouples, cooling down at ambient temperature. A partially
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melted state was considered with an approximate liquid fraction be-
tween 80 % and 95 %.

The results of the experiment are illustrated in Fig. 6. The cooling
curves of three samples fully melted samples are shown in red lines. The
three partially melted samples are displayed with blue lines.

The results show that stable supercooling is based on the poor
nucleating properties of SA solution after the material is fully melted. If
the compound is partially melted, the remaining solid acts as a nucle-
ating agent, crystalising and releasing the latent heat during the cooling
process, with a relatively small degree of supercooling (Fig. 5b, blue
line). Thus, it is essential to ensure a fully melted solution to ensure poor
nucleating characteristics [21] for long-term energy conservation [86].
Once the material is fully melted, the salt solution would remain under a
metastable liquid state, below the melting temperature, where the latent
heat of fusion is not released until nucleation is induced.

3.4. Temperature required for heat storage

Because the material requires a complete melting state to ensure
poor nucleation and stable subcooling, this section analyses the tem-
perature needed in a real environment to achieve this fully-melted state.
Fig. 6a shows the results of temperature evolution as a function of the
time of three small-scale containers (experimental heat batteries) with
samples of p-SA solution (SA 58 wt%). They are illustrated in three
colours: black, red and orange. The aim is to evaluate the appropriate
melting temperatures for long-term heat storage using domestic heat
sources, such as electric heat pumps or solar energy sources.

The results show that the material achieves a fully-melted state at
57.5 °C. The three samples show almost a complete overlapping,
following the same trend. Once fully melted, it cools below its melting
point without solidifying, remaining in a metastable state where the heat
of fusion is not released. These temperature results are even below those
recently obtained by Li et al. [87], or Xu et al. [88], which studied the
performance of a modified SAT for a stable transition (without sub-
cooling) in a real environment and obtained a melting temperature
range higher than 60 °C. Thus, it is demonstrated that the increase of
water content to the p-SA concentration was able to maintain material
stability and reduce phase change transition to a more appropriate range
for domestic heat sources.
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Fig. 5. The required boundary condition for stable supercooling in the meta-
stable liquid zone. Cooling of p-SA solution with the material in a fully-melted
state (red lines) and a partially-melted state (blue lines). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3.5. Crystallization alternatives for heat release

Understanding and controlling nucleation is a longstanding issue in
crystallization and solid-state chemistry [47,75], and it remains one of
the most enigmatic processes in nature [76]. Many patents over time and
the continuous development of triggering mechanisms [66,89] indicate
the continuing need for a simple, effective and reliable mechanism for
activating crystallization. Common complaints are related to uninten-
tionally crystallization activation and malfunction after a while [90].
The performance of the most common devices of a reliable heteroge-
neous crystallization is illustrated in Fig. 7.

Fig. 7a shows the process of heterogeneous crystallization using a
trigger involving material melting, nucleation trigger and crystal
growth. The trigger induces the driving forces to create of first nucleus
or crystal, which initiates the crystal growth and total crystallization of
the liquid. In most cases, this first crystal is produced by the presence of
a foreign substance.

Several methods have been proposed in the literature and patented
to trigger crystallization. They can be divided into the following groups:
seeding, local cooling (or supersaturation), impurities, electrical means,
mechanical shocks, and agitation. However, the performance of
different alternatives has shown discrepancies in the literature about
their reliability [57]. All of them have been experimentally tested in the
lab, and the results compared with previous findings are summarised in
Table 4. They are explained as follows.

- Seeding refers to providing a stable solid crystal from the same ma-

terial to promote crystallization. In this case, the major issue for
nucleation triggering by seeding is to keep or create the crystal. Two
techniques can be found using this concept: contact-induced nucle-
ation and storing seed crystals.
Contact-induced nucleation consists of a manual open and closed
valve (one-way valve) with a rod. When desired to use the stored
heat, the valve is extracted while a portion of the solution adheres to
the rod. This part of the rod is then dried with the surrounding
microenvironment, evaporating the solvent from the salt solution
and forming minute crystals, which will initiate the crystallization
after reintroducing through the valve opening. Many patents can be
found using this concept [48,50-52,56,91]. Even a novel automatic
alternative based on this concept has been recently tested by Eng-
Imair et al. [66]. Our tests using this technique showed good reli-
ability in triggering heterogeneous nucleation, as illustrated in
Fig. 7b.



J. Lizana et al. Journal of Energy Storage 55 (2022) 105584

Liquid material Trigger of nucleation Crystal growth . 60
2 ]
] -0 Average Tambient
E — t
Ql t t > ] Tcrystallization 15 CyC|e
aten ] N
1 - -Tcrystallization 2 CyCIe
50 )
] crystallization 3 CyCIe
o ] t
b %) 45 ] - Tcrystalliza!ion 55 CyCIe
o 1 | N L . 10% cycle
o ]
Q‘ -
£ 35
) _
=
c 30
25
201 I ! ' T j T T T T T :
00:00 00:10 00:20 00:30 00:40 00:50 01:00
Time (h)
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- Local cooling (or local supersaturation) is based on the displacement
of a portion of the material under the supersaturation limit curve,
where spontaneous crystallization is highly probable (zone F in

Table 4
Comparison of crystallization alternatives.

Methods Existing studies and patents ~ Discrepancies  Results of Fig. 4a). The process is often called “cold finger” [99] and it has been

experimental tests previously demonstrated using Peltier elements [67] and the evap-

Seeding [48,50-52,56,66,73,90-98]  No Nucleation oration of liquid CO; [58,64]. They generate local cooling, or “a cold

Local [58,64,67,99] No Nucleation spot”, in the undercooled liquid and promote nucleation and crys-

cooling . tallization. This technique was experimentally tested using DSC cy-

Impurities [49,54,100-103] Yes Nucleation but

modifying the cles. Samples of SA solutions were introduced in a hermetic pan for

supersaturation DSC analysis, and crystallization was forced by freezing the material

) limit of the sample below the maximum supersaturated limit, in the labile zone, where

Electrical [89,104-106] Yes No erystallization spontaneous crystallization occurs. These tests, further detailed in

M:;Z?lsical [94.107] Yes No crystallization supplementary material, showed good reliability in triggering
shocks crystallization.

Agitation [108,109] Yes No crystallization - Impurities consist of adding particles to the SA solution, contacting

the supercooled salt solution, and initiating crystallization and heat
release. Many different alternatives and patterns have been found
following this technique based on scraping the inside of a container
with a wire [49]; rough bodies within the solution [54,100], which
are scraped together in order to cause friction between the contact-
ing surfaces and activate crystallization, dry particles adhering to a
support [101,102], or abrasive particles of aluminium oxide affixed
to flexible screens [103]. They all follow the same principle: when
the trigger is manipulated, the particles or impurities are released.
This concept has been tested with different samples, showing poor
reliability and even modifying the supersaturation limit of the sam-
ple. The metastable liquid zone, where supercooling is stable, de-
creases with the level of impurities [46,47]. So, this approach should
be limited to avoid alterations in the supercooling stability.
Electrical triggers refer to the application of the electric fields to
promote nucleation. Electric fields to promote nucleation of SA so-
lution were tested by [104] and carried on in later works in
[105,106]. However, Sakurai and Sano [89] evidenced that the
electric field was not the driving force of nucleation, concluding that
successful scenarios were derived from the dehydration of clusters
from the anode. This effect was confirmed by our tests, where the
application of different voltages and tensions didn't show any
nucleation activity.
- Mechanical shocks are related to the effect of impact stress to trigger
material crystallization. In this area, ultrasound waves have been

Storing seed crystal is another commonly used technique, where heat
is related after liquid contacting seed crystal to promote crystalli-
zation. Different patents have been found where they store crystals in
a separate container [92,93] or retain them under pressure
[73,90,94]. Giinther et al. [95] demonstrated that the SA solution
increases its melting point when applying high pressure. The most
extended alternative to retaining crystals under pressure is based on
embedded metallic trigger disks [96], in which minute crystals are
harboured in submicron cracks or irregularities on the metallic de-
vices. Crystals remain there during the material melting, and after
flexing the device, they are released into the subcooled solution,
initiating crystallization. The pressure created at the points of con-
tact of the microscopic asperities prevents the crystal from expand-
ing as the salt solution is heated above its melting temperature,
thereby maintaining its crystalline phase [97]. The exposure of
pressured crystal to the supercooled liquid is accomplished simply by
flexing the device to the opposite position that holds the asperities
together, so the crystal is no longer isolated, triggering crystalliza-
tion. Other similar pressure mechanisms are spring-type triggers
[97], or retaining crystals by applying a force to press two solid
tightly together [98]. The tests carried out in the lab using this
technique showed good reliability in triggering heterogeneous
nucleation, as illustrated in Fig. 7c.
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tested with successful crystallization but unreliable nucleation
probability at a concentration above SA 55 wt% [107]. Other authors
even refer that crystallization failed by using ultrasonic waves [94].
The results of our tests using an ultrasonic bath at different in-
tensities didn't crystalise the samples.

Agitation refers to the effect of stirring to trigger the nucleation.
Previous studies have only proved that the process of agitation can
reduce supercooling of salt hydrates [108,109]. So, this technique
can influence the nucleation of some aqueous salt solutions, but it is
not guaranteed. The results using this technique didn't show any
nucleation.

After the experimental evaluation and testing of the aforementioned
techniques, seeding and local cooling were identified as the best suitable
strategies to trigger crystallization in SA solutions. When crystallization
is initiated, the material releases all stored latent heat, achieving a
temperature of approximately 55 °C, as shown in Fig. 7d. However, they
should be correctly applied and used to ensure successful and reliable
control of heterogeneous nucleation. For example, in the case of seeding
by retaining crystals under pressure, the pressure should be guaranteed
during high-temperature periods to avoid the total melting of retained
crystals and inactivity. An inadequate trigger activation at a high tem-
perature will release the pressurised crystals, inactivating the mecha-
nism [90]. On the other hand, the tests developed with impurities,
electrical means, mechanical shocks, and agitation didn't show reli-
ability in triggering nucleation in supercooled SA solutions.

3.6. Thermal energy storage density

The latent heat capacity and melting temperature of different SA
aqueous solutions were evaluated through DSC measurements, which
are reported in Table 5. Additionally, Fig. 8 shows the comparison of our
measurements with those found in the literature by different authors:
Tamme et al. [110], Araki et al. [111], Dannemand et al. [64] and Zhao
etal. [27].

The results show how the latent heat capacity is reduced by
decreasing the SA solution concentration, from 284.5 kJ/kg for the SAT
aqueous concentration to 246 kJ/kg and 225.4 kJ/kg for p-SA (58 wt%)
and SA (56 wt%) concentrations, respectively. Additionally, the melting
temperature decreases with increased water concentration, as shown in
the phase diagram in Fig. 4a.

The slight differences among reported latent heat values, including
those obtained in this work (Fig. 8), could be explained in terms of their
different experimental procedures. Other authors have used different
instruments for their measurements (DSC vs twin calorimeter of the heat
transfer type). Moreover, the integration procedure, selected baseline,
or temperature range for the curve integration might provide a slightly
different result, as shown in the literature [78]. These deviations in the
latent heat values have been previously reported by other authors
[64,112].

3.7. Thermal reliability, stability and storage efficiency of p-SA

This section evaluates the thermal reliability, stability and storage
efficiency of p-SA for heat storage applications. Some previous studies
refer that the stability of SA solution is not ensured, showing that SA
concentration of 54.85 wt% (SAT with 9 wt% of additional water) does
not have stability after 20 cycles, reducing thermal capacity from 194 to

Table 5
Results of DSC measurements.

SA aqueous solutions Enthalpy (kJ/kg) Melting (°C)

Pure SAT (60.2 wt%) 284.5 57.7
P-SA (58 wt%) 246.0 57.7
SA (56 wt%) 225.4 56.7
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Fig. 8. Latent heat of fusion of different SA aqueous solutions.

179 kJ/kg [64] or even requiring concentration below the solubility
curve of anhydrous salt to prevent precipitation (SA below 54.25 wt% or
corresponding to trihydrate with more than 10 % additional water by
weight) [73]. However, it should be considered that SA aqueous solution
can lose its water of crystallization with the surrounding microenvi-
ronment, even with the air inside the sealed container at a temperature
lower than the melting point. Thus, a suitable encapsulation method and
surface sealing should be employed to avoid water loss and associated
phase segregation, as demonstrated below.

Table 6 shows the results of the DSC measurements in the first and
tenth thermal cycle of p-SA solution (58 wt%) using different encapsu-
lation methods: sealed and unsealed. The sealed sample was based on
the encapsulation of p-SA in a hermetic pan for DSC cycling, in which
crystallization was forced during cycling by cooling the material until
the maximum supersaturated limit, in the labile zone, where sponta-
neous crystallization occurs. The unsealed scenario consists of a p-SA
sample located in a test tube containing the solution and air, in which a
contact-induced nucleation mechanism triggered the crystallization.
After cycling, the sample was collected and tested in the DSC instrument.
Additionally, the DSC result of SAT in its first thermal cycle is provided
as a reference value.

The DSC results in Table 6, and further detailed in the supplementary
material, show that the p-SA composition has stable and congruent
thermal reliability and stability after ten cycles under an appropriate
sealing method, maintaining its properties. However, a lower SA con-
centration of 56 wt% was obtained in an unsealed sample after ten cy-
cles, decreasing the latent heat capacity from 246 kJ/kg to 225.4 kJ/kg.
In this case, the initial SA concentration decreased throughout the
thermal cycling due to the water loss in the surrounding
microenvironment.

The DSC heating curves of samples reported in Table 6 are illustrated
in Fig. 9a. The reference DSC curve of pure SAT (60.28 wt%) in the first
thermal cycle is shown as a black curve. Red curves show the perfor-
mance of the p-SA solution at 58 wt% (p-SA) in the first and tenth
thermal cycle, using a sealed encapsulation method during cycling. The
blue curve illustrates the performance of the same p-SA solution after ten
thermal cycles in the unsealed scenario. These measurements demon-
strate that the p-SA composition under sealed conditions has high reli-
ability and stability under thermal cycling, showing the same heat flow
curve in DSC tests (red curves — Fig. 9a).

The stability of the sealed p-SA solution was also collected and
illustrated in Fig. 9b. It shows the latent heat capacity and melting
temperature of the p-Sa solution during 20 thermal cycles. These results
show how the p-SA solution maintains its latent heat capacity and
melting temperature at a mean constant value of 245 kJ/kg and 57 °C,



J. Lizana et al.

Journal of Energy Storage 55 (2022) 105584

Table 6
Water content, latent heat of fusion and melting point of pSA solutions before and after ten cycles in sealed and unsealed scenarios.
1st cycle 10th cycle
SA (Wt%) Enthalpy (J/g) Melting (°C) Water (wt%) Enthalpy (J/g) Melting (°C) DSC Curve in Fig. 9a
Pure SAT 60.28 284.5 57.67 Pure SAT
p-SA (sealed) 58.0 246.0 57.72 58.0 244.5 57.89 p-SA (sealed cycle)
P-SA (unsealed) 58.0 246.0 57.72 56.0 225.4 56.71 P-SA (unsealed cycle)
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Fig. 9. Thermal reliability, stability and reliability of p-SA. a, DSC heating curves of pure SAT and p-SA solutions (58 wt%) with sealed and unsealed conditions
before and after ten cycles. b, Stability of sealed p-SA sample during 20 DSC cycles. c, Delta temperature during heat release at 20 °C after different storage periods. d,

Delta temperature during heat release at 0 °C after 24 h.

respectively.

Additionally, the reliability of the thermal response of p-SA after
long-term storage periods is evaluated in Fig. 9c and d, which show the
heat release curve as a temperature difference (AT) between the sample
and a reference. Three p-SA samples were tested, encapsulated in
different small-scale containers and stored in supercooled liquid form.
The samples were activated after different storage periods and ambient
temperatures to release all stored heat. The first and second samples in
Fig. 9c were triggered after 24 h and 720 h (one month) at ambient
temperature, approximately 21 °C, releasing all latent heat. The third
sample in Fig. 9d shows the heat release at 0 °C after 24 h. The results
show that all samples showed the same behaviour during the heat
release along the different storage temperatures and periods, main-
taining almost the same area under the thermal response curve.

The study demonstrates how heating decarbonisation can be effi-
ciently supported using the p-SA composition through an appropriate

encapsulation and sealing method. The appropriate encapsulation
method allows the material to efficiently store thermal energy without
latent heat losses whenever the solution operates in the temperature
range between saturation and maximum supersaturation limit (meta-
stable liquid zone). Thus, the material can be efficiently used for long-
term heat storage with a stable melting temperature of 57 °C, a con-
stant latent heat storage capacity of 245 kJ/kg and a volumetric storage
density of 314 MJ/m®. These results confirm the viability of this
supercooled liquid for heat storage applications, clarifying existing
discrepancies and opening a research pathway towards promising heat
storage technologies. Storage temperatures enable the effective combi-
nation with heat pumps or solar technologies, considerably reducing
carbon emissions and fulfilling climate targets, as discussed in the next
section.

10
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3.8. Potential applications to support heating decarbonisation

The potential applications of the p-SA solution to support heating
decarbonisation are illustrated in Fig. 10. It represents the use of a
modulated TES system for hot water and/or space heating, which can be
integrated with different heat sources alternatives. Application alter-
natives can be grouped into two main categories: electricity-based
heating systems (heat pumps) or solar-based technologies (such as
photovoltaic panels or solar collectors). The p-SA solution, with a phase
change transition between 53 °C and 57.5 °C (Fig. 6), can be efficiently
integrated to support smart demand response strategies in heating
electrification using heat pumps or increase the share of solar energy for
a long-term period. In all these applications, the TES unit will allow the
better integration of renewable sources by solving the mismatch be-
tween demand and resource availability periods. Moreover, high-
capacity TES systems would reduce the investment cost of renewable
energy installations because of the contribution of TES along peak load
demand periods without renewable energy supply [14].

4. Conclusions

This study experimentally analyses the promising supercooled liquid
based on sodium acetate (SA) for long-term heat storage to support
heating decarbonisation. The study provides novel insights into existing
discrepancies in the literature through a systematic experimental eval-
uation, showing the fundamentals for efficient material design to avoid
phase separation and spontaneous nucleation, and the necessary
boundary conditions for proper material use.

Despite previous studies showing that the thermal reliability and
stability of SA aqueous solution as a supercooled liquid for heat storage
cannot be guaranteed, this experimental results demonstrate that the
peritectic composition of SA solution (p-SA 58 wt%), through an
appropriate encapsulation and sealing method, can be efficiently used
for long-term thermal energy storage, with a stable melting temperature
of 57 °C, appropriate for domestic heat sources. It is demonstrated that
thermal reliability, stability and efficiency are maintained under cycling
without any additional additive, with a constant latent heat storage
capacity of 245 kJ/kg and a volumetric storage density of 314 MJ/m?.
The material can store thermal energy without latent heat losses, as far
as the solution is totally melted and operating in the temperature range
between saturation and maximum supersaturation limit (metastable
liquid zone).

The analysis also shows that local cooling and retaining seed crystals
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through high pressure remain the fundamental principles towards suc-
cessful crystallization. However, pressure mechanisms to retain crystals
should be secured during high-temperature periods to avoid total
melting of crystals and inactivity.

It was also demonstrated that the material behaviour in a real
environment achieves a fully-melted state below 57.5 °C, below the
maximum supply temperature of domestic heat technologies. Moreover,
the thermal response of the material during crystallization showed the
same performance after different storage periods and from different
activation temperatures.

This novel storage concept based on the supercooled peritectic SA
solution opens a new generation of promising heat storage technologies.
Further research is required to evaluate the material's useful life in a
relevant environment, involving a higher number of cycles, compati-
bility with other materials, corrosion performance, pressure conditions
and heat exchange designs. Additionally, further studies could identify
novel triggering techniques through local pressurization, modifying the
solubility and supersaturation curves of a portion of p-SA solution to
promote nucleation in a simple, effective, and reliable way.
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