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H I G H L I G H T S

• Demonstrating 97-day TES using cold-
crystallizing material in bulk size
(160 g).

• Over 70% of latent heat can be stored
without losses for at least three
months.

• High-erythritol composition showed
high heat storage capacity of 250 MJ/
m3.

• Maximum heat release temperature at
above 80 °C by adjusting composition.

• Optimized compositions indicate suf-
ficient heat release rate for applica-
tions.

G R A P H I C A L A B S T R A C T

ΔHcc = 130 J/g
ΔHm = 170 J/g

Storage for at least
97 days

Cold-crystallization
in re-heating Crystallized Melted

Cooling

Heating

A R T I C L E I N F O
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A B S T R A C T

Renewable energy usage would benefit from efficient and high-capacity long-term heat storage material. However,
these types of material solutions still lack reliable and durable operation on bulk level. Previously, we showed that
cold-crystallizing material (CCM), which consists of erythritol in cross-linked polymer matrix, stored heat for a long-
term period in a milligram scale by supercooling stably and preventing undesired crystallization during storage.
Crystallization of CCM can be triggered efficiently by re-heating the material (i.e. cold-crystallization). Supercooling
and cold-crystallization are stochastic phenomena which manifest in a way that the properties in bulk scale often
deviate from the microscale. In this work, we scale up CCM to a bulk size of 160 g, and analyze its supercooling and
crystallization characteristics for long-term heat storage. In order to identify the impact of the scale-up on the tested
compositions and to discover optimal storage conditions, CCM samples are maintained in storage mode at constant
temperature between 0 and 10 °C and up to 97 days. To this end, the thermal chamber measurement procedure
estimates the heat release of CCM samples based on the measured temperature data and the one-dimensional
transient heat conduction model. Results indicate that the heat release in cold-crystallization is over 70% of the
melting heat. This heat can be stored without reduction for at least 97 days, demonstrating the reliable performance
of long-term heat storage. Analysing the thermal properties of CCM compositions indicates a maximum volumetric
storage capacity of 250 MJ/m3 and excellent properties for further heat storage applications.
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1. Introduction

Solar energy suffers from an intermittent production profile that
varies on a diurnal and seasonal basis. For example, in Nordic countries,
solar irradiation is abundant in summer, and scarce in winter when heat
demand is high. Therefore, excess production ought to be stored during
the summer months and used to cover peak heat production in winter.
In order to solve this issue, long-term thermal energy storage (long-term
TES) is an attractive technology for balancing the mismatch between
the seasons and increasing system reliability.

TES can be classified into three categories based on the way heat is
stored: sensible heat, latent heat and thermochemical storage. Current
long-term TES systems rely on large sensible heat storages, in which
heat is stored by increasing the temperature of the storage medium.
Therefore, typical storages, such as water tanks and boreholes [1], are
located underground. These storages require large amount of space
because of continuous heat loss during the storage period. Storing heat
in this manner has a large investment cost, because it is expensive to
undertake large-scale excavation and create insulation for large vo-
lumes [2].

In contrast to sensible heat, thermochemical heat is a promising
method for the long-term heat storage, because it often exhibit high
energy densities and, potentially, a minimal loss of heat [3]. Typically,
heat is stored in a reversible chemical reaction or a sorption process,
where for example water vapor is adsorbed and desorbed. Recently,
researches have extensively studied the sorption processes [4]. How-
ever, this method has not yet been commercialized because of the
barriers in material development, such as poor thermal stability, high
cost and inconsistent cycling behavior [3,4].

The third way of storing heat employs phase change materials
(PCMs), which can store a large amount of thermal energy in the form
of latent heat. This is most commonly during the melting and crystal-
lization of PCMs. Latent heat storage systems also suffer from heat loss
during storage, cooling the PCM. When PCMs cool below its equili-
brium melting temperature (Tm), it crystallizes and releases heat, or it

supercools and remains in a liquid phase, thus it is in a metastable state
[5]. Traditionally, supercooling is undesired in TES because solidifica-
tion does not begin when Tm is achieved. Nevertheless, latent heat can
be stored for several years without heat loss in the supercooled state, if
spontaneous crystallization does not occur [6]. Further research on the
supercooling of PCMs may be found in review articles [7] and [8].

Supercooling has been utilized in small-scale TES since 1895 [9].
Currently, it is employed in commercial heating pads [10], where su-
percooled sodium acetate trihydrate (SAT) stores heat until crystal-
lization is initiated. SAT has a high melting heat ( Hm = 265 J/g) and
melting temperature of 58 °C [11], which is suitable for low-tempera-
ture applications. Large-scale and long-term storing of heat in
100–200 kg SAT storage units revealed unreliable operation due to
metastability of supercooled SAT [12,13,14]. Nonetheless, research
continues to attempt to overcome these challenges concerning metast-
ability [14]. Probability of nucleation in supercooled liquid increases
when sample volume grows and factors such as impurities, rough sur-
faces, and pressure changes may initiate spontaneous crystallization
[15]. Supercooling behavior of other materials, such as disodium hy-
drogen phosphate dodecahydrate (DSP) [6,16] and polyols
[17,18,19,20] have been also explored for supercooled TES, but they
face the same difficulties as SAT with concern over metasatbillity or the
initiation of crystallization is inefficient.

In addition to supercooled state, other metastable states have been
adopted for long-term TES. A recent investigation analyzed photo-
switching materials, which undergo transformation from a stable state
into a higher energy level metastable isomer by light. Heat release is
initiated via catalyst or heat [21]. Heat release of 277–559 J/g and
storage half-life up to 48.5 days in milligram scale has been docu-
mented [22], but optimizing absorption in the spectrum of sun light is
still ongoing. Photoswitches are also applied to dope existing organic
PCMs, in order to improve stability against crystallization, but thus far,
gradual crystallization has been observed after 10 h of storage [23]. For
Schiff-base nickel complexes, undesired crystallization has been pre-
vented by cooling the melt (Tm ~ 290 °C) below its glass transition

Nomenclature

A Surface area (m2)
a Thermal diffusivity (m2/s)
Bi Biot number (–)
CCM Cold-crystallizing material
Cp Specific heat (J/g K)
DSC Differential scanning calorimetry
h Enthalpy (J/g)
k Thermal conductivity (W/m K)
Lk Characteristic length (m)
m Mass (g)
PAANa Partly neutralized polyacrylic acid or sodium polyacrylate
PCM Phase change material
q Heat flux (W/m2)
s Thickness (m)
SAT Sodium acetate trihydrate
T Temperature (°C)
Tmax Maximum temperature during cold-crystallization (°C)
t Time (s)
TES Thermal energy storage
V Volume (m3)
W Mass fraction (–)
X Molar neutralization degree of PAANa (%)

Greek letters

Heat transfer coefficient (W/m2 K)

H Latent heat (J/g)
t Duration of time step (s)

sto Storage efficiency (–)
Density (kg/m3)

Subscripts

c Container
cc Cold-crystallization
CCM Cold-crystallizing material
d Down section of the heat conduction model
ery Erythritol
g Glassy state
i Container-insulation boundary (inner boundary)
j Number of a time step
l Liquid
m Melting
o Measurement point in the insulation shell (outer

boundary)
PAANa Partly neutralized polyacrylic acid or sodium polyacrylate
s Solid
sd Side section of the heat conduction model
sil Silicon oil
sto Storage
u Up section of the heat conduction model
w Weighed while suspended in silicon oil
0 Reference point
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temperature (Tg), and heat is released by crystallizing the material on
the subsequent heating, that is in cold-crystallization [24]. High oper-
ating temperature limits the applications of the material, and knowl-
edge on long-term stability for melting-crystallization cycling is still
required.

Recent research in applying supercooled and other metastable states
for TES is a call for advanced long-term TES solutions with high storage
capacity. To date, researches have not yet been able to find the most
reliable method for these solutions on a bulk scale for long-term storage
in terms of months. We previously developed cold-crystallizing material
(CCM), which consisted of erythritol dispersed in sodium polyacrylate
matrix [19]. The operational principle of CCM is based on supercooling
and cold-crystallization. When supercooled CCM is cooled, its mole-
cular movement slows down. Eventually, the movement becomes so
slow that the liquid acts as an amorphous solid, or a glass. Therefore,
spontaneous crystallization can be avoided. Characteristically, the su-
percooled liquid has to be cooled down fast to reach a glassy state
without crystallization. Nevertheless, polyols have many stable local
conformations, which differ from the crystal structure. These con-
formations have large activation energy for the molecular rearrange-
ment. This, together with strong ion-dipole interactions between the
polyol and the polymer, prevent crystallization of supercooled CCM
even at slow cooling rates (0.05 K/min) [19]. When CCM is re-heated
from a glassy state, molecular movement increases, allowing relaxation
to the crystal structure, that is cold-crystallization. In our previous
study [19], CCM showed long-term heat storing ability up to one
month, melting heat of 150–260 J/g and a suitable melting temperature
of 95–110 °C for domestic heating purposes on a milligram scale.

The probability of nucleation in supercooled liquid increases when
the sample volume grows, thus the confirmed supercooling behavior of
previously examined CCM compositions in a milligram scale cannot be
guaranteed in a bulk scale. Therefore, this paper analyzes heat release
properties and supercooling stability of CCM with 160-g samples and
identifies optimal compositions for long-term TES applications. As the
glass transition temperature of CCMs is low (Tg < 0 °C), measurements
examine the samples in a deeply supercooled liquid region at the sto-
rage temperatures of 0 °C, 5 °C and 10 °C, in order to define optimal
storage conditions for different compositions. To this end, the thermal
chamber measurement procedure estimates cold-crystallization heat
(released heat content) of the stored sample by implementing the
measured temperature data in the one-dimensional transient heat
conduction model. The results indicate that heat can be reliably stored
over a three-month period without a decrease in released latent heat. In
addition to bulk scale analysis, the study also measured thermal prop-
erties and the density of CCM.

2. Materials and methods

2.1. Material preparation

The main components of CCM are ertyhritol (technical grade, sup-
plied by Suomen Luontaistukku Ltd., Finland) and sodium polyacrylate
(PAANa). PAANa was prepared by polymerizing acrylic acid
(assay ≥ 99%, supplied by Merck) neutralized with sodium hydroxide
(assay ≥ 99%, supplied by VWR Chemicals). Ethylene glycol di-
methacrylate (assay ≥ 97.5%, supplied by Merck) was used as cross-
linking agent and potassium persulfate (assay ≥ 98%, supplied by VWR
Chemicals) as a polymerization initiator. Preparation of CCM follows
the method used by Puupponen and Seppälä [19].

Supercooling and cold-crystallization properties of CCM were al-
tered by changing the mass fraction of ertyhritol (Wery) and the neu-
tralization degree of PAANa (X ). Table 1 lists the studied compositions
and the altered parameters Wery (0.75 or 0.8) and X (0.85 or 1). Mass
fraction of ethylene dimethacrylate and potassium persulfate remained
constant for all compositions at 0.02 and 0.001, respectively. Prepared
CCM batches were divided into 160 ± 5 g samples. Two batches of

each composition were prepared and each batch was divided into at
least two samples.

2.2. Thermophysical properties analysis

Resulting from the size-dependent behaviour of supercooling,
thermal properties of CCM were analysed in small-scale (sample size
15–30 mg) using differential scanning calorimetry (Netzsch DSC204F1
Phoenix DSC) and in bulk scale (sample size 160 g) using the thermal
chamber measurement procedure (Section 2.3.3). Two types of DSC
measurement programs were used in the characterization. The first
measurement program was used to determine melting, crystallization
and glass transition properties of CCM. It consisted of four consecutive
heating-cooling cycles between −60 °C and 130 °C using a scan rate of
0.5 K/min. The onset values during heating were used to determine
cold-crystallization temperature (Tcc) and Tm, but glass-transition tem-
perature (T )g was determined by the onset value during cooling. Specific
heat of CCM was determined with the second measurement program,
where four heating-cooling cycles between −60 °C and 130 °C were
used with a scan rate of 5.0 K/min. The average values from three
heating-cooling cycles were used in the analysis, and at least four
parallel samples were measured for each composition.

C-Therm TCI equipment was applied for measuring thermal con-
ductivity with a modified transient source plane technique. Three cy-
lindrical discs made of solid phase CCM-A samples with diameter of
62 mm and height of 12 mm were prepared. For minimizing any contact
problems between the sample and the sensor, the samples were carefully
polished, and 200 µl of silicon oil was applied as a contact material. The
equipment was calibrated first with water, followed by polystyrene,
pyrex, PVC and pyroceram. Silicon oil was used as the contact material.
Based on the calibration, measurement accuracy was estimated to be 4%.

Density of CCM was measured using the displacement method,
where the mass of the CCM sample was first measured in atmospheric
conditions. Then, it was measured being suspended in silicon oil with
fine line. Based on the density of silicon oil, density of CCM was cal-
culated as follows: = m m/CCM sil CCM CCM w, . sil is the density of the
silicon oil and subscript w refers to being suspended in silicon oil. The
average of 12 CCM-A samples (8–9 g) from two batches was measured
in supercooled and solid states. The method was first verified by mea-
suring the density of pyrex and pyroceram, which indicated a maximum
deviation of 1% from the calibration values.

2.3. Scale-up measurement procedure

The purpose of the scale-up measurements was to find bulk scale
compositions that have high cold-crystallization heat and remain stable
against spontaneous crystallization for months. However, scaling up is
not a straightforward task because the probability of nucleation in su-
percooled liquid increases as the sample volume grows. Therefore, we
first selected the most suitable CCM compositions by scale-up experi-
ments. Then, the heat storing capability of CCM (with optimized com-
position) was measured using 160 g samples in a two-stage measure-
ment procedure consisting of a storage stage and a thermal chamber
measurement stage.

Table 1
The amount of each component in the tested CCM compositions. In addition to
the listed materials, all compositions contained 2 wt-% ethylene dimethacrylate
and 0.1 wt-% potassium persulfate.

Composition
name

Erythritol mass
fraction, Wery

PAANa molar
neutralization degree,
X

PAANa mass
fraction,
WPAANa

A 0.8 1.0 0.179
B 0.75 1.0 0.229
C 0.75 0.85 0.229
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2.3.1. Composition selection
In storage mode, CCM is in deeply supercooled liquid (close toTg) or

glassy state. The aim is to store the latent heat of CCM in as high a
temperature as possible without compromising the stability against
spontaneous crystallization, for example in a deeply supercooled liquid
state. Above the glass transition temperature (Tg), the glassy substance
converts to a supercooled liquid. At the same time, molecular move-
ment increases in the deeply supercooled liquid, increasing the possi-
bility of nucleation. When heating is continued, nuclei will eventually
occur and crystals will begin to form, but the kinetics of crystallization
determine the overall speed of the crystallization. Therefore, increasing
Tg of the material provides improved stability at higher temperatures.
As shown in our previous research [19], the increase in Tg can be
achieved by decreasing the mass fraction of polyol and increasing the
neutralization degree of sodium polyacrylate, because both factors re-
inforce the interactions between the polyol and the polymer. Simulta-
neously, crystallization kinetics may slow down and cause melting heat
to decrease, because of an increased fraction of non-freezing bound
polyol.

The most potential CCM compositions were identified by scale-up
experiments before studying the heat storage performance of CCM in
160 g scale. Several compositions consisting of various mass fractions of
erythritol and molar neutralization degrees of PAANa were tested in
two-stage scale-up. The aim was to identify compositions that show
stable supercooling during cooling to 0 °C and distinctive cold-crystal-
lization behavior. Fig. 1 shows the values of the examined parameters
at each stage of the scale-up and our previously reported values [19]. In
the first stage (Cold-crystallization), we tested the occurrence of cold-
crystallization in a 20 g sample size by measuring the temperature of
the sample when cold-crystallization was expected, for example during
heating from a deeply supercooled state from 0 °C to 60 °C
(Tm ~ 106–108 °C, see Table 5). Samples that did not show evident
temperature increase (tens of degrees) during cold-crystallization were
excluded from the second stage of the scale-up. During the second stage
(Supercooling stability), stability against spontaneous crystallization
was studied by visually observing crystallization with 20–30 samples
(m ~ 0.5 g) which were slowly cooled from their melting temperature
to a deeply supercooled state. Finally, three stable compositions (A, B
and C, listed in Table 1) were chosen for the 160 g scale study. In order
to enhance stability at above 0 °C, we increased the neutralization de-
gree of PAANa as the scale-up progressed, as can be seen in Fig. 1.
Reduction of eryhtritol mass fraction also increases the stability of
CCM. However, we chose to retain the mass fractions at 75 wt-% and
80 wt-%, in order to ensure a high melting heat and sufficient crystal-
lization kinetics.

2.3.2. Storage conditions
Supercooling and crystallization behavior of 160 g CCM samples

was examined with stability and cycling measurements. Table 2 lists the
storage conditions for both measurement types and compositions. Each
storage condition for the tested composition was measured using two
parallel samples. CCM samples are referred as “a-b-c”, where “a” refers
to the composition (A, B or C), “b” to the storage temperature (0, 5 or
10) and “c” to the batch number (1 or 2).

Stability measurements tested the stability of supercooled liquid
state, when supercooled samples were kept at 0 ± 1.5 °C, 5 ± 1.5 °C
and 10 ± 1.5 °C storage temperature. The storage period varied be-
tween one and 97 days, as indicated in Table 2. We chose the storage
temperature to be as high as possible, but low enough to prevent
spontaneous crystallization of supercooled samples, in order to find
optimal storage conditions for each composition. Colder storage tem-
peratures would improve the stability of the CCM, but it would also be
harder to implement in real-life applications. Given the long duration of
the measurement procedure, two storage temperatures were tested for
each composition. Fig. 2 shows an example of the temperature program
and the sample temperature during an entire measurement cycle. The

storage stage began by melting a sample in an oven at 130 °C and
cooling it to 0 ± 1.5 °C in a refrigerator, in order to ensure similar
thermal history of the samples, as seen in Fig. 2. Next, the supercooled
sample was placed in a refrigerator at the specified storage temperature
and kept there for the storage period. After the storage period ended,
the cold-crystallization was initiated using a thermal chamber setup,
which is described in Section 2.3.3.

Thermal cycling stability of CCM-A was examined by subsequently
melting and crystallizing the sample 50 times in cycling measurements.
The sample was first melted in an oven at 130 °C and then cooled to the
storage temperature of −20 ± 2.0 °C. After a one-day storage period,
the sample was crystallized in an oven at around 80 °C and the melting-
crystallization cycle re-initiated, except for every tenth cycle, when the
cold-crystallization heat was measured using a thermal chamber setup.

2.3.3. Thermal chamber measurement procedure
The cold-crystallization heat of the 160 g CCM samples was de-

termined by applying experimental temperature data from thermal
chamber measurement setup in a transient one-dimensional heat con-
duction model. The setup consists of a sample container, which is in-
serted in an insulation shell (Fig. 3a). During the measurement, the
shell with a sample was placed inside a temperature-controlled
chamber (Fig. 3b). J-type thermocouples measured temperatures in 11
positions (shown in Fig. 3a). The measurement began by heating the
supercooled sample (T = 0–10 °C) with a constant temperature
(T = 50–65 °C) in the chamber, as is shown in Fig. 2. Heating initiated
the cold-crystallization process, which increased the sample tempera-
ture abruptly above the chamber temperature (see Fig. 2). After the
abrupt temperature increase, the sample was cooled back to the cold-
crystallization temperature by another constant temperature step in the
chamber. Due to the different cold-crystallization properties, tempera-
ture programs differed between the compositions, as shown in Table 3.
Duration and temperature of the isothermal steps were chosen based on
the DSC measurements. After the measurement, the sample was com-
pletely crystallized. Therefore, one measurement with the thermal
chamber measurement procedure can estimate cold-crystallization heat
for only one specific storage condition. Indeed, an individual mea-
surement procedure is necessary for each storage condition.

A one-dimensional heat conduction model was used to determine a
temperature distribution between the measurement point at the con-
tainer-insulation boundary and the point inside the insulation shell
(Fig. 3a). The model consisted of three sections: side (sd), up (u), and

Fig. 1. Investigated mass fraction of erythritol (Wery) and neutralization degree
of sodium polyacrylate (X) during each stage of scale-up experiments and our
previously studied values [19]. The studied Wery values are marked as orange
diamonds and X values as blue spheres. Thermal chamber measurement refers
to the 160 g samples researched in more detail.
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down (d). These sections were allocated in order to improve the accu-
racy of the model. Furthermore, the side section of the model used the
average of three measurement points at the container-insulation
boundary and inside the shell. The temperature distribution was de-
termined by solving the heat equation: Eq. (1) for heat conduction
along the r-axis and Eq. (2) for the z-axis. The equations were dis-
cretized using the control volume approach. For this approach, 90
control volumes with length of 0.2 mm were implemented for each
section of the model. Maximum absolute changes of 10−4 °C for the
temperature of a control volume and time step of 10 s were applied in

the iteration. Measured temperatures were set as the time-dependent
boundary conditions as described in Eqs. (3)–(8):

= +T
t

a T
r r

T
r

12

2 (1)

=T
t

a T
z
2

2 (2)

= = =T t T r r z t( ) ( , 0, )sd i i, (3)

= = =T t T r r z t( ) ( , 0, )sd o o, (4)

= = =T t T r z m t( ) ( 0, 0.05 , )u i, (5)

= = =T t T r z m t( ) ( 0, 0.068 , )u o, (6)

= = =T t T r z m t( ) ( 0, 0.05 , )d i, (7)

= = =T t T r z m t( ) ( 0, 0.068 , )d o, (8)

where a is thermal diffusivity (m2/s); and subscripts i and o refer to
container-insulation boundary and measurement point in the insula-
tion, respectively.

The heat conduction model was used to estimate the temperature

Table 2
Storage conditions for testing stability and thermal properties of CCM compositions in thermal chamber measurement procedure. Measurements are divided into two
groups: stability measurements, where storage temperature and storage period are changed, and cycling measurements, where every tenth melting-crystallization
cycle is measured when storage temperature and period are kept constant.

Measurement type Stability measurements Cycling measurements
Storage variable Storage period (days) Number of cycle (–)

Storage temperature (°C) 0 5 10 −20
Composition A 1 10 30 57 97 1 10 30 57 97 1 10 20 30 40 50
Composition B 1 10 30 97 1 10 30 97
Composition C 1 10 30 97 1 10 30 97

Fig. 2. An example of the temperature program and the sample temperature
during one thermal chamber measurement procedure. The measurement is di-
vided into two stages: storage stage, when sample is melted, cooled and heat is
stored; and thermal chamber setup measurement stage, when sample cold-
crystallizes and released heat is estimated.

Fig. 3. The schematic of the thermal chamber measurement setup: (a) Dimensions of a sample container and insulation shell. Locations of the thermocouples are
marked with black dots. (b) Setup for heating and cooling the CCM sample during thermal chamber measurement, when predetermined temperature program is run.

Table 3
Temperature programs of the oven in thermal chamber measurements for each
of the tested compositions.

Composition Heating (1.
step)

1. Isothermal (2.
step)

Cooling (3.
step)

2. Isothermal (4.
step)

A 5 K/min 50 °C / 6 h 5 K/min 22 °C/~10 h
B 5 K/min 55 °C/6 h 5 K/min 25 °C/~8h
C 5 K/min 65 °C/8 h 5 K/min 35 °C/~8h
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gradient at the container-insulation interface for each section.
Consequently, the heat flux, q (W/m2), at the interface was calculated
based on the temperature gradient. The enthalpy-temperature curve of
the sample during the measurement was then formed according to Eqs.
(9)–(11).

= +h T h dh( )CCM j0 (9)

= + +dh
m

A q t A q t A q t t m C T t

T t m C T t T t

1 [( ( ) ( ) ( )) ( ( )

( )) ( ( ) ( ))]

j
CCM

sd sd j u u j d d j c p c sd i j

sd i j lid p lid u i j u i j

, ,

, 1 , , , 1 (10)

=
+

T t
T t T t

( )
( ) ( )

2CCM j
sd i j n j,

(11)

where, h is enthalpy (J/g), h0 enthalpy of the CCM at the beginning of
the measurement, A heat transfer area, q heat flux (W/m2), cp specific
heat, Tn temperature at the middle of CCM sample and TCCM average
temperature of the sample. Subscript j refers to a time step and c to
container. The properties of the materials used in the thermal chamber
measurement setup and data analysis are listed in Table 4.

Accuracy of the described method was confirmed by uncertainty
analysis and validation measurements. Uncertainty of measured para-
meters was experimentally estimated by following the Guide to the
expression of uncertainty in measurements [25]. For mass and thickness
measurements, rectangular distribution with 95% level of confidence
was applied yielding an expanded uncertainty of± 0.0095 g and±
0.024 mm, respectively. For the temperature, normal distribution was
used, as measured temperature calibration data was available. For 95%
level of confidence, expanded uncertainty resulted in± 0.06 °C. The
validation measurements were conducted by measuring the melting
heat and the temperature of the de-ionized water and tetradecanoic
acid (assay ≥ 98%, supplied by VWR Chemicals). For water, the re-
ference value of the melting heat is 334.0 J/g and the melting tem-
perature 0.0 °C, and for tetradecanoic acid, these values are 198.7 J/g
and 53.9 °C, respectively [26]. The measurements were repeated three
times for both materials and they showed maximum deviation of 3% for
melting heat and 0.3 °C for melting temperature from the literature
values [26].

Fig. 4 shows an example of the enthalpy-temperature curve for the
cold-crystallization measured with the thermal chamber setup. The
dashed line illustrates the cold-crystallization process of the sample, if
the temperature increase during the cold-crystallization would be
adiabatic. Since the specific heat of liquid state is larger than in a solid
state, we can find a maximum value for an enthalpy difference between
the liquid (or partially solid) state and the solid state in the curve, that
is, between the temperature increasing and decreasing part of the
curve. In the adiabatic crystallization case, the maximum value ( Hmax)
is located at the beginning of cold-crystallization (Tcc) because a liquid
phase has a larger specific heat than a solid phase. During crystal-
lization the enthalpy remains constant. Heat release during cold-crys-
tallization ( Hcc) can be then defined as the enthalpy difference be-
tween the point where cold-crystallization begins and the point where
crystallized sample has cooled back to Tcc, which is Hmax . In reality,
sample receives some heat from the environment after Tcc has been
reached, which can be seen in Fig. 4 as measurement data reaches
higher enthalpy values than the adiabatic crystallization curve.

However, this has a negligible effect on the analysis because crystal-
lization rate is fast and the temperature of the oven is set close to Tcc.
Therefore, the above described method is used to determine Tcc and

Hcc.
A Biot number (Bi) describes the suitability of assuming that the

entire sample is at uniform temperature during the measurement. It is
defined as; =Bi L k/k , where is the heat transfer coefficient between
the material and environment and =L V A/k is the characteristic length.
Typically, when Bi < 0.1, the assumption is valid. Because convective
heat transfer resistance between the insulation and air is significantly
smaller than conductive resistance in the insulation shell, the overall
heat transfer coefficient between the air and outer boundary of the CCM
sample is simplified to =k s/ . Based on the measured thermal con-
ductivity of CCM-A (liquid 0.35 W/m K and solid 0.77 W/m K, see
Table 5), we estimated that Bi 0.02 0.03.

Another way of determining thermal properties of PCM in bulk size
is to use T-history method developed by Yingping et al. [28]. In order to
ensure uniform temperature of the sample and minimizing errors due to
setup configuration, it has been recommended to insulate the sample in
T-history measurement [29]. However, ignoring the thermal mass of
the insulation has been shown to lead into systematic errors in forming
enthalpy-temperature curves [30,31]. Since temperature increases
abruptly during cold-crystallization and we wanted to ensure uniform
temperature of the sample by insulation, we did not use the traditional
T-history method in this research.

3. Results and discussion

3.1. Thermophysical properties of CCM

Table 5 lists the melting and the crystallization properties of CCM
measured with DSC, thermal conductivity and density. The highest
melting heat ( Hm = 173 J/g) is achieved for CCM-A, which has the

Table 4
Properties of the materials used in thermal chamber measurement procedure and heat transfer analysis.

Material Mass (m) Density ( ) Specific heat (Cp) Thermal conductivity (k)
[g] [kg/m3] [J/g K] [W/m K]

Armaflex XP (insulation) 75 1.35* 0.04
Glass (container) [27] 115.40 ± 0.30 2500 0.75 1.00
Polypropylene (lid) [27] 4.00 910 1.80 0.22

* Measured using DSC.

Fig. 4. Enthalpy-temperature curve for a measured cold-crystallization of CCM
and an approximate process, where temperature increase during cold-crystal-
lization is adiabatic. The reference point of enthalpy is liquid at T = 20 °C,
p = 1 bar. Cold-crystallization heat and temperature can be found by de-
termining the maximum change of enthalpy between the temperature in-
creasing and decreasing part of the curve.
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largest mass fraction of erythritol (Wery = 0.8). Consequently, the vo-
lumetric latent heat storage capacity of CCM-A amounts to 250 MJ/m3,
which is based on the measured melting heat and liquid density. In
comparison, CCM-B and CCM-C absorb lower amount of heat in
melting, which is to be expected resulting from their lower mass frac-
tion of erythritol (Wery = 0.75).

Table 5 also tabulates the cold-crystallization heats of CCMs. The
values cannot be directly compared to each other, since they depend on
the temperature at which the phase change takes place:

=H H C C dT( )cc m T

T
p l p s, ,

cc

m

(10)

where Hm is melting heat and Tm the melting temperature. None-
theless, given the stochastic nature of cold-crystallization, parallel va-
lues of Hcc are repeatable with maximum standard deviation± 8 J/g
indicating predictable heat release behavior. During cold-crystal-
lization, CCM-A, CCM-B and CCM-C release 74%, 79% and 73% of the
latent heat, respectively. These comply with Eq. (10) assuming that the
temperature of the DSC sample during cold-crystallization remains
close to the defined Tcc. In principle, Hcc of CCM can be increased
according to Eq. (10) by elevating Tcc, which can be achieved by faster
heating during initiation of cold-crystallization. It should be noted that
the fraction of released latent heat does not represent the storage effi-
ciency in reality, because sensible heat during cooling and initiation of
cold-crystallization is not included.

Density and thermal conductivity were measured only for CCM-A,
and they are listed in Table 5. Density of supercooled and solid CCM-A
shows only a small difference at room temperature: 1430 kg/m3 and
1460 kg/m3. This is beneficial in heat storage applications because of
the small changes of volume to the material during the phase change.
However, the density of liquid CCM above Tm may differ from these
values, which should be further investigated. Thermal conductivity of
liquid CCM-A is within the range of the values that has been reported
for pure erythritol (0.32–0.35 W/m K) [18,32,33,34]. On the other
hand, comparison of solid state thermal conductivities is difficult, due
to the wide range of values (0.39–0.89 W/m K) found for pure ery-
thritol in the literature [18,32,33,34]. Nonetheless, CCM-A has a
thermal conductivity at the high end of the range indicating that the
polymer matrix has a negligible impact on the thermal conductivity of
CCM-A.

3.2. Thermal chamber measurements

Thermal chamber measurement setup is used to determine cold-
crystallization heat ( Hcc), cold-crystallization temperature (Tcc) and
the maximum temperature of the sample during cold-crystallization
(Tmax). Based on the measured temperatures and heat transfer model,
enthalpy-temperature curves for each measurement is calculated. Fig. 4
shows an example of the enthalpy-temperature curve. Hcc and Tcc are

estimated from the curve using the method described in Section 2.3.3.
Tmax is determined directly from the curve.

3.2.1. Cold-crystallization heat
Fig. 5 depicts the cold-crystallization heat of CCM samples stored for

1, 10, 30 and 97 days (composition A was also stored for 57 days). Each
point in the figure represents an individual measurement made with the
thermal chamber procedure. Further, the data set of the storage periods
for the sample is not a continuous measurement. No reduction in Hcc is
observed for CCM-A samples after they are stored up to 97 days at 0 °C.
The samples release consistently ~ 125 J/g of heat in cold-crystal-
lization, which is over 70% of the melting heat measured by the DSC,
indicating promising heat storage performance. In addition, no visual
changes can be detected in the appearance of CCM-A-0-2 (sample from
Batch 2 stored at 0 °C) after the storage period, as shown in Fig. 6. After
the end of the 97 day storage, the sample begins to form minuscule
grainy areas, which implies the beginning of slow crystallization. These
results indicate that the molecular structure of CCM-A relaxes so slowly
that the latent heat can be stored for at least 97 days at 0 °C without
losing its heat content. However, as the storage period prolongs, pos-
sible crystallization (nucleation and growth) continues, as was visually
implied in the sample images. Therefore, the crystallization tendency
ought to be tested to confirm the stability of the supercooled state. The
stability during cooling to the storage temperature in a refrigerator was
confirmed by visual examination of the sample. None of the tested CCM
samples showed signs of crystallization, meaning that grainy or opaque

Table 5
Thermophysical properties of CCM with standard deviation. Subscript l refers to liquid, s to solid and g to glassy state.

Measurement type Property Unit CCM-A CCM-B CCM-C

DSC Tm °C 108 ± 1 106 ± 1 108 ± 1
ΔHm J/g 173 ± 3 138 ± 8 151 ± 4
Tcc °C 48 ± 4 56 ± 5 59 ± 3
ΔHcc J/g 128 ± 5 109 ± 8 110 ± 3
Tg °C −18 ± 4 −10 ± 2 −6 ± 2
Cp,l (T = 130 °C) J/gK 2.53 ± 0.08 2.49 ± 0.07
Cp,l (T = 20 °C) J/gK 2.16 ± 0.04 2.14 ± 0.03
Cp,s (T = 50 °C) J/gK 1.56 ± 0.08 1.61 ± 0.06
Cp,g (T = -50 °C) J/gK 0.97 ± 0.03 0.95 ± 0.04
ΔHcc/ΔHm – 0.74 0.79 0.73

Density ρ (T = 25 °C) kg/m3 1460 ± 10 (s) 1430 ± 10 (l)
Thermal conductivity kl (T = 115 °C) W/mK 0.35 ± 0.02

ks (T = 29 °C) W/mK 0.77 ± 0.03

Fig. 5. Cold-crystallization heat of the tested samples. Letters A, B and C refer
to the composition (see Table 1), 0 °C, 5 °C and 10 °C to the storage temperature
and 1 and 2 to the composition’s corresponding batch. Shape of the data point
indicates the duration of the storage period and color indicates the storage
temperature.
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areas were not visible after cooling. To further this investigation,
common characterization method, such as X-ray diffraction (XRD)
ought to be employed to confirm the stability of the cooling process and
the supercooled state.

As Fig. 5 shows, CCM-A samples exhibit a decrease of ~15–90 J/g in
Hcc after 57 days of storage at 5 °C. Furthermore, evident opaque areas
form in CCM-A-5-2 sample after 57 days of storage (Fig. 6). This, to-
gether with the measurement of Hcc, indicates partial crystallization of
the sample during the storage. The crystallization (nucleation and
growth) occurs slowly in a way that cold-crystallization heat decreases
after 30 days. Crystallization of CCM-A-5-2 appears to begin already
after 10 days of storage, as a several opaque areas are visible in the
image after 30 days of storage (Fig. 6). Nonetheless, there is no clear
decrease observed in Hcc (Fig. 5). Most likely, opaque crystals occupy
only a small volume fraction of the sample, demonstrating negligible
effect on Hcc. In any case, visual examination of the sample implies
that the beginning of crystallization during storage period occurs earlier
than the decrease in heat content.

Unlike CCM-A, supercooled CCM-B exhibits spontaneous crystal-
lization at 0 °C or 5 °C, as indicated by lower Hcc values in Fig. 5. Hcc
of most of the CCM-B samples decreases during the storage period,
except that of CCM-B-0–2 (sample from Batch 2 stored at 0 °C).
Nonetheless, CCM-B-0-1 releases 90 J/g of heat after 97 days of storage,
which approximates to 80% of Hcc measured after one to 30 days of
storage. Measurements of CCM-B samples stored at 5 °C indicate de-
viation between the parallel samples. Hcc of CCM-B-5-1 decreases 50%
after 30 days of storage, while CCM-B-5-2 reduces only 10% after
97 days of storage (Fig. 5). Furthermore, the parallel samples of CCM-B
deviate from each other around 10–15 J/g in Hcc at the same storage
temperature. The deviation between the parallel samples stems most
likely from the preparation of the corresponding batches. CCM-B has a
higher viscosity than other CCM compositions due to lowerWery and X
(Table 1). It has also a longer drying time. These factors could com-
plicate the sample mixing and cause inhomogeneity of the batches.

CCM-C demonstrates a consistent Hcc of around 110 J/g (Fig. 5),
which totals to over 70% of Hm measured by DSC. There is no no-
ticeable variation in Hcc between the samples stored up to 97 days at
5 °C and 10 °C. Hcc of CCM-C is clearly lower as compared to CCM-A,
due to the smaller mass fraction of erythritol. Nonetheless, the stability
against crystallization is enhanced resulting from the larger mass frac-
tion of the polymer. The demonstrated long-term stability of the su-
percooled CCM samples at moderate storage temperature (~10 °C) in-
dicate that the cold-crystallizing polyol-polymer mixtures are suitable

for large-scale long-term heat storage applications. Overall, the opti-
mized CCM compositions show repeatable results for heat release,
considering the accuracy of the measurement method and stochastic
nature of crystallization.

It is fundamental, that the phase change characteristics remain si-
milar in long-term use for several subsequent melting-crystallization
cycles. Therefore, cycling stability was tested with two CCM-A samples
in the temperature range of −20…+130 °C. Fig. 7 shows the results of
the cycling measurements. The measurements indicate that when 50
melting-crystallization cycles is completed, cold-crystallization heat of
~125 J/g is consistently released. In addition, the appearance of the
samples does not change during the cycling. These experiments indicate
that the samples have repeatable long-term heat storage performance.

3.2.2. Cold-crystallization temperature levels
As we observed in the cold-crystallization heat analysis, crystal-

lization occurs slowly at isothermal temperatures in the deeply super-
cooled state (close to Tg), but it accelerates when the temperature is
increased. Therefore, Tcc describes the temperature, where crystal-
lization begins to release sufficient amount of heat to increase the
material temperature. As crystallization progresses under adiabatic
conditions, the material temperature increases towards its melting
temperature. Because nucleation is stochastic phenomenon, heating
rate affects the crystallization. In addition, material temperature de-
pends on the heat transfer rate between the sample and the environ-
ment (in this case, the heated oven air). Therefore, Tcc and the max-
imum temperature reached during cold-crystallization (Tmax) are
dependent upon the experimental system. Moreover, thermal chamber
measurements cannot be directly compared to DSC measurements.

Figs. 8–10 plot the estimated cold-crystallization temperature (Tcc)
and maximum temperature reached during cold-crystallization (Tmax)
for CCM-A to CCM-C, respectively. As can be seen in Fig. 8,Tcc of CCM-A
stored for 1 and 10 days amounts to 30–34 °C for both storage tem-
peratures (0 °C and 5 °C). In the case of 0 °C storage temperature, Tcc
maintains at ~ 30 °C for all the storage periods (Fig. 8). On the other
hand, Tcc of CCM-A stored at 5 °C is ~25 °C for the samples stored for
30 days or longer (Batch 1) and 57 days or longer (Batch 2). The
consistent decrease of Tcc could be explained by the crystal formation
during the storage period, inducing secondary nucleation and crystal
growth. In addition, there is no induction period, which is the time
period needed for the first crystal to appear [35], if crystals already
exist in the sample. Therefore, the speed of crystallization increases
earlier when crystals are formed during the storage period, unlike in the

Fig. 6. Images of the supercooled samples after the storage period for composition A. Melt and crystallized samples are also included for comparison.
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samples without preformed crystals.
As shown in Fig. 9,Tcc of CCM-B totals to 38–44 °C when samples are

stored for one day. From ten-day storage period onwards, Tcc of CCM-B
Batch 1 samples begin to decrease, reaching the lowest value of 23 °C,
while Tcc of CCM-B Batch 2 samples amounts to 41–44 °C for all the
storage periods. This behavior is consistent with the observations made
in the analysis of Hcc, which indicated disparity between the batches.

As can be seen in Fig. 10, CCM-C has the highestTcc of 51–54 °C after
a one-day storage period. Tcc remains at 46–54 °C until 30-day storage
period. However, it decreases to 40–47 °C after the samples are stored
for 97 days. This implies the existence of small crystals in the samples,
even though Hcc of CCM-C did not decrease during the storage period.
In addition, small opaque areas can be observed in the images of CCM-C
samples stored for 97 days, suggesting the beginning of crystallization.
These observations justify the longer storage period tests as necessary to
identify the limits of the heat storing period at the storage temperatures
of 10 °C and higher.

Results shown in Figs. 8–10 indicate that Tcc of 160-g scale CCM

samples increase when X increases and Wery decreases. The same be-
havior is also observed in DSC measurements for Tg and Tcc (Table 5)
and in our previous DSC study [19]. This behavior occurs because of the
increased molecular level interactions between the polymer and ery-
thritol, which inhibit the crystallization tendency. Hcc of CCM-A and
CCM-C does not decrease when the samples were stored for three
months at 18 °C and 16 °C above theTg of the samples. This implies that
CCM can store heat for long-term in the supercooled state at around
Tg + 15 °C or below. More tests with other composition and several
samples ought to be conducted in order to confirm the stable storage
temperature for CCMs.

The maximum temperature reached during cold-crystallization of
CCM (Tmax) depends on Tcc and measurement conditions, such as the

Fig. 7. Cold-crystallization heat of composition A for up to 50 melting-crys-
tallization cycles. Storage temperature was −20 °C and storage period was
1 day.

Fig. 8. Cold-crystallization temperature (Tcc) and maximum temperature
reached during cold-crystallization (Tmax) for composition A. Because the cold-
crystallization is initiated by heating the sample with an oven at 50 °C for 6 h,
the maximum temperature of the sample during the measurement rises towards
50 °C even if the sample does not release any heat.

Fig. 9. Cold-crystallization temperature (Tcc) and maximum temperature
reached during cold-crystallization (Tmax) for composition B. Because the cold-
crystallization is initiated by heating the sample with an oven at 55 °C for 6 h,
the temperature of the sample during the measurement increases towards 55 °C
even if the sample does not release any heat.

Fig. 10. Cold-crystallization temperature (Tcc) and maximum temperature
reached during cold-crystallization (Tmax) for composition C. Because cold-
crystallization is initiated by heating the sample with an oven at 65 °C for 8 h,
the temperature of the sample during the measurement increases towards 65 °C
even if the sample does not release any heat.
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heating rate and heat losses to the environment. CCM-C reaches the
highestTmax of 85–90 °C (Fig. 9), due to the highTcc of 40–54 °C (Fig. 9).
Tmax of CCM-A and CCM-B are mostly in the range of 79–86 °C (Fig. 8)
and 70–75 °C (Fig. 9), respectively, except for the storage periods where

Hcc begins to decrease. Deviations between compositions stem mostly
from the differentTcc and Hm as defined in Eq. (10). The heating rate of
the samples is estimated to be 0.1–0.2 K/min for all compositions, thus
we consider it having a negligible effect on Tcc.

For comparison, SAT has a melting temperature of 58 °C [11]. The
200 g bulk sample containing extra water was able to release a heat
content around 170 J/g when measured once after a storage period of
100 days at room temperature [36]. Optimized CCM compositions show
the maximum heat release temperature being 80–90 °C, which is a
useful temperature range for many TES applications, such as domestic
water heating and low temperature district heating. Furthermore, Tmax
and Hcc (110–130 J/g, Fig. 5) of the optimized CCMs can be increased
by increasing the heating rate (~0.1–0.2 K/min in thermal chamber
measurement), as Tcc would take place at a higher temperature. In
principle, heat can be released at Tm, which is between 106 and 108 °C
(Table 5) for the tested CCMs according to DSC measurements. Long-
term heat storage at this temperature level is attractive, as the storage
unit could be connected to high temperature district heating systems
without an auxiliary heat pump [37]. However, only a part of the latent
heat could be available at this temperature level, as cold-crystallization
heat converts into sensible heat as the temperature of the sample in-
creases.

The values of specific heat measured with the thermal chamber
setup are directly comparable with DSC. The values are listed in
Table 6, and they correlate with one other. This supports the accuracy
of the thermal chamber measurements, even though the standard de-
viation of thermal chamber measurements is larger than in the DSC
measurements.

3.3. Storage performance indicators

There are three essential indicators that describe the performance of
CCM-based heat storage: heat storage capacity, storage efficiency and
heat charging/discharging rate. Volumetric heat storage capacity is a
crucial parameter in storage applications, especially in domestic
heating, that has limited available space. As this study examines the
long-term heat storage capability of CCM, the storage capacity neglects
the sensible heats for heating CCM to melting temperature and cooling
CCM to storage temperature. Therefore, the latent heat determines the
capacity of CCM. Consequently, CCM-A yields storage capacity of
250 MJ/m3. Based on the results in Table 5, storage capacity of CCM-B
and CCM-C approximate to ~200 MJ/m3 and ~220 MJ/m3, respec-
tively. In comparison to PCMs for low and medium temperature ap-
plications, which typically range ~100–500 MJ/m3 [38], CCM offers
storage capacities in the mid-range. Therefore, improving the storage
capacity of CCM through e.g. material selection, is one essential de-
velopment area for the future research.

Comparison of storage capacities alone does not represent the entire
operational behaviour, since conventional PCMs and sensible heat
materials lose their capacity due to heat losses. Therefore, the storage
efficiency is a key indicator for TES applications. The storage efficiency

presented here assumes that all heat above Tcc is useful. Furthermore,
the efficiency neglects the sensible heat absorbed during the heating of
CCM to its melting temperature in charging mode, as well as the heat
released on cooling CCM to storage temperature. This results in a sto-
rage efficiency in which cold-crystallization heat is divided by the
melting heat and sensible heat for initiation of crystallization:

= +H H C T T/( ( ))sto cc m p l cc sto, . Storage efficiency of CCM-A stored
at 0 °C and CCM-C stored at 10 °C from one to 97 days totals to ~55%
and 50–60%, respectively. The advantage of CCM is that the efficiency
remains the same for any storage period, given that spontaneous crys-
tallization is prevented by the optimal storage conditions. Furthermore,
if the low-temperature heat required for cold-crystallization is obtained
from excess heat sources, for example from waste heat or the return line
of the district heating network, the heat for initiation of crystallization
can be subtracted from the efficiency. In this case, efficiencies for CCMA
and CCM-C increase to 70–75%.

Real storage efficiencies are application dependent. Cooling of CCM
to storage temperature could be implemented with natural cold sources.
For example, the ground is cool year-round in cold climate areas and
sometimes cold sources for small-scale applications are always avail-
able in the form of freezers. In addition, parts of the sensible heat of
cooling could be used for short-term TES, as was demonstrated by a
combined supercooling SAT and water storage system [14]. However, if
free cooling was not available at the level of optimal storage tem-
perature, external cooling energy would be necessary for long-term
storage. This would decrease the storage efficiency resulting in un-
feasible operation in long-term storage. Consequently, a stable storage
temperature at the room temperature level would expand the applic-
ability of CCM in residential applications, as low temperature cooling is
not required. Furthermore, it would improve the viability of even
longer storage periods for seasonal storage, e.g. half year to one year.
Therefore, increasing the stable storage temperature is another essential
aspect of developing CCM.

The charging and discharging rate of heat is significantly influenced
by the heat transfer system in which the heat storage material is ap-
plied. In the thermal chamber setup, the discharging rate was estimated
based on the rate of the temperature increase of CCM during cold-
crystallization. Therefore, it describes the maximum heat release rate
achievable in the applied system. Fig. 11 exemplifies the order of
magnitude CCM-A is able to release. In the beginning of the cold-
crystallization, the heat release rate is for the most part influenced by
the thermal chamber heating (~4.6 W/kgCCM). Nonetheless, the rate
increases gradually until CCM-A reaches ~55 °C, after which the rate

Table 6
Comparison of specific heat of CCM measured by DSC and thermal chamber
setup. The values include standard deviation.

Measurement type Property Unit CCM-A CCM-C

DSC Cp,l (T = 20 °C) J/g K 2.16 ± 0.04 2.14 ± 0.03
Cp,s (T = 50 °C) J/g K 1.56 ± 0.08 1.61 ± 0.06

Thermal chamber
setup

Cp,l (T = 20 °C) J/g K 2.26 ± 0.09 2.14 ± 0.11
Cp,s (T = 50 °C) J/g K 1.61 ± 0.07 1.67 ± 0.04

Fig. 11. An example of heat release rate as a function of CCM-A sample tem-
perature measured with thermal chamber setup procedure. Each data point is
measured with 10 s interval.
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explodes and peaks at ~380 W/kgCCM. This indicates that in order to
optimize the heat release rate, crystallization should take place at 55 °C
or above. Furthermore, quick heating to 55 °C when cold-crystallization
is initiated would improve the heat release conditions. In this case,
more latent heat is available at higher temperatures. All CCM-A samples
do not achieve as high heat release rates. Instead, they maintain a
constant rate for a longer period of time. Samples releasing ~130 J/g
attain at least 100 W/kgCCM for a five-minute period. These deviations
demonstrate the variability of crystallization kinetics, which is con-
tributed by the experimental setup and stochastic nature of cold-crys-
tallization. CCM-C and CCM-B show lower heat release rates because
they have a stable composition. Indeed, CCM-C (releasing 110 J/g)
reaches its maximum heat release rate value of 70 W/kgCCM and at least
15 W/kgCCM for a 30 min period. CCM-B (releasing 100–110 J/g) re-
leases heat at the lowest maximum rate of 30 W/kgCCM with at least
10 W/kgCCM for a 50 min period. Charging rate was estimated in the
thermal chamber setup without the insulation shell. The average
charging rate during melting of CCM-A amounts to 24 W/kgCCM, which
corresponds to the overall heat transfer coefficient of 16 W/m2 K, when
the thermal chamber heated the sample at the temperature of 126 °C.
These results emphasize the relevance of charging/discharging rate in
the further material development. Detailed analysis of the crystal-
lization kinetics was descoped from this study.

4. Conclusions

This work demonstrates that cold-crystallizing materials (CCMs) are
able to store heat reliably for long-term in bulk size (160 g). CCM
consists of erythritol as a phase change material dispersed in cross-
linked sodium polyacrylate matrix. The polymer matrix efficiently
prevents spontaneous crystallization of erythritol polyol during cooling,
and the latent heat of deeply supercooled or vitrified CCM can be stored
at low temperatures for long-term heat storage purposes. The latent
heat is released by cold-crystallization when the material is re-heated.

We use experimental temperature data from the thermal chamber
setup alongside a one-dimensional transient heat conduction model to
estimate the cold-crystallization heat of CCM compositions (160 g
samples). Three compositions of CCM with varying mass fractions of
erythritol (Wery) and neutralization degrees of sodium polyacrylate (X )
were chosen for this study based on scale-up experiments: CCM-A
(Wery = 0.8, X = 1); CCM-B (Wery = 0.75, X = 0.85) and CCM-C
(Wery = 0.75, X = 1). CCM samples are first melted, and then stored in
the supercooled state at 0 °C, 5 °C and 10 °C up to 97 days. The long-
term heat storage behaviour of CCM-A samples stored at 0 °C show high
reliability; no decrease in cold-crystallization heat ( Hcc = 125 J/g) is
observed during the storage period up to 97 days. However, the storage
temperature of 5 °C is too high for the long-term storage: the heat
content began to reduce after 30 days of storage resulting from slow
crystallization. Nevertheless, reliable long-term storage at higher sto-
rage temperatures is achieved by decreasing the mass fraction of ery-
thritol from 80 wt-% (CCM-A) to 75 wt-% (CCM-C). Indeed, the cold-
crystallization heat of CCM-C ( Hcc = 110 J/g) stored at 10 °C do not
decrease at all during the storage periods up to 97 days. Therefore, the
tested CCMs could realize an efficient storage for even longer storage
periods.

The maximum temperature reached during cold-crystallization of
CCM-A and CCM-C amounts to 80–90 °C, which would be a sufficient
temperature level for domestic water heating. In principal, heat release
temperature level of 106–108 °C could be achieved, if cold-crystal-
lization temperature could be increased to a sufficiently high level. In
this case, the stored heat could be provided even for district heating.

The demonstrated ability of CCMs to store heat reliably for several
months at moderate storage temperatures in bulk size is advantageous
for small and intermediate size heat storage applications, such as re-
sidential heating. CCM is also promising for district heating, if the cold-
crystallization temperature could be increased further. The material has

excellent properties for long-term heat storage purposes, as over 70% of
the latent heat can be released in cold-crystallization. CCM-A shows a
volumetric heat storage capacity of 250 MJ/m3 and a sufficient crys-
tallization speed for applications in the heat release rate examination.
These material properties in bulk size provide valuable insights on
design parameters and operational behavior for larger-scale applica-
tions, which ought be the next stage of the scale-up.
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