
Results in Engineering 17 (2023) 100909

Available online 21 January 2023
2590-1230/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Comparative study on bubbling and shearing techniques for the 
crystallization of xylitol in TES systems 

Miguel Navarro a,*, Gonzalo Diarce b,**, Ana Lázaro a, Ander Rojo b, Mónica Delgado a,b,c 

a Aragón Institute for Engineering Research (I3A), Thermal Engineering and Energy Systems Group, University of Zaragoza, Agustín de Betancourt Building, C/María de 
Luna 3, 50018, Zaragoza, Spain 
b ENEDI Research Group, Energy Engineering Department, University of the Basque Country – UPV/EHU, Plaza Ingeniero Torres Quevedo 1, 48013, Bilbao, Spain 
c Centro Universitario de La Defensa, Academia General Militar, Ctra Huesca S/N, 50090, Zaragoza, Spain   

A R T I C L E  I N F O   

Keywords: 
LHTES 
Crystallization 
Xylitol 
Bubbling 
Stirring 
Prototype 

A B S T R A C T   

Xylitol is a promising phase change material for thermal energy storage at low and medium temperatures, but its 
supercooling and low crystallization rate can hinder its performance in actual systems. This problem can be 
overcome with the application of external stimuli that promotes the nucleation and subsequent crystallization of 
the supercooled xylitol. Seeding combined with mechanical stirring or air-bubbling, the techniques used in this 
study, are proven to achieve the crystallization (and the release of the stored latent heat) of xylitol, but the effect 
was not instantaneous. Rheological measurements were performed firstly to study the influence of shear and 
temperature in the crystallization of xylitol. Then, the use of different mechanisms to promote the crystallization 
of the material was evaluated by two different laboratory-scale prototypes; one of them included a mechanical 
stirring system while the other employed a gas-bubbling mechanism. Thermal power and discharged energy of 
xylitol were evaluated in the bubbling system prototype and the influence of supercooling in both discharged 
power and energy were also studied. A methodology to calculate induction time is proposed to evaluate crys
tallization systematically in both systems. This new systematic evaluation proposed in this work is different from 
that of the literature and aims to be used to compare different crystallization systems.   

1. Introduction 

Due to the intermittence of renewable sources, because of the 
dependence of these sources on climatologic variables, energy produc
tion and demand are not synced. As such, energy storage must be inte
grated to correct this intermittence and to reach a more flexible and 
sustainable energy model. Thermal energy storage (TES) is then 
required in thermal applications that take advantage of renewable en
ergy sources. Latent thermal heat energy storage (LHTES) systems show 
a high energy storage density; as the materials used in these systems, 
phase change materials (PCM) can store up to 6 times more energy than 
sensible heat materials, by units of volume [1] such as water vs xylitol in 
a temperature range of 15 ◦C. 

Sugar alcohols are phase change materials (PCMs) with a remarkable 
potential for low-to-medium temperature latent thermal energy storage 
(LHTES) applications: they possess high phase change enthalpies in 
comparison to other PCMs, they are safe, sustainable, and show 

reasonable prices [2]. As such, there are many new studies on sugar 
alcohols, such as erythritol [3–6]; mannitol [7–9], or sorbitol [10–12]. 
Some of the applications for sugar alcohol-based thermal energy storage 
systems are solar concentration [9,13] and waste heat applications [14]. 

Amongst them, xylitol (melting point: 92 ◦C) presents the mentioned 
good thermophysical properties, but it also shows a noticeable and 
stable supercooling coupled with a low crystallization rate [15]. There 
are many works that study the properties of xylitol, such as viscosity, 
density, or melting temperature [2,15–19]. There are, however, dis
crepancies in the results between studies [17,20,21]. The stable super
cooling leads to difficulties to nucleate on cooling and, when it does, it 
shows a low heat release rate; however, this behaviour enables the op
portunity to develop heat storage applications based on stable super
cooling, in which the PCM remains in the supercooled state until the 
heat release is required. Then, crystallization is promoted on demand by 
an external stimulus [22]. Some works take advantage of supercooling 
to control the process, such as [22–24]; but other authors study means of 
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triggering crystallization by reducing supercooling [25–27]. Thus, to 
successfully operate a heat storage system using supercooled PCMs, the 
initiation of the crystallization process and the achievement of high 
crystallization rates are critical parameters to be controlled. 

Crystallization consists of two different processes: nucleation (the 
formation of new crystals in the sample) and crystal growth. The 
nucleation process is also divided into two processes: primary nucle
ation, where crystals form from the melt, and secondary nucleation, 
where nuclei are formed from already existing crystals. Usually, sec
ondary nucleation rapidly becomes the principal force of crystallization 
in a crystallization process after primary nucleation has formed enough 
nuclei [28,29]. Secondary nuclei can be formed by contact between 
crystals, contact with a surface, or fluid shear [30,31]. Shear promotes 
crystallization in a highly saturated solution until a maximum in crys
tallization rate is reached [32]. 

Several techniques have been studied to promote nucleation in sugar 
alcohols, such as shearing [1], adding additives [33], bubbling [34,35] 
or ultrasound [36]. Of these, stirring by bubbling [34] and/or me
chanical shearing [1,37] might be adequate as they can also cause a fast 
crystallization of the material and thus induce an appropriate heat 
release velocity. To gain further knowledge of the advantages and dis
advantages of these activation techniques, the present paper presents 
the preliminary results of two laboratory-scale prototypes, each 
including one of the mentioned activation systems. In addition, experi
ments performed by a rheometer are presented to broaden the under
standing of the crystallization of xylitol by shearing. 

The results of a similar experimental setup were recently published 
in Picard et al. [37]. In that work, bubbling and mechanical stirring were 
applied to study the crystallization of xylitol in a prototype comparable 
to the ones herein presented; however, the applied bubbling flow rate 
and the rotation speed were not the same. The prototype volume used 
was also different (4.5 times lower) and the gas used for bubbling was 
N2, while we used air. Considering the differences in the experimental 
conditions, plus the fact that crystallization from a supercooled melt is a 
stochastic effect; the results presented here are valuable to complement 
those presented in Ref. [37]. 

2. Materials and methods 

2.1. Materials 

Xylitol (99% purity) was used in both institutions. Its formula is 
C5H12O5 and its CAS number is 87-99-00. The main physical properties 

of xylitol are: density of 1.52 g/ml (in liquid state), melting point 
94.3 ◦C, and latent heat of 239.3 J/g [2]. Xylitol, as do other sugar al
cohols, shows a supercooled state; thus, the liquid phase can be observed 
at temperatures below the melting temperature and, at the same time, 
xylitol also has a low crystallization rate [15]. Xylitol seeds used to 
promote the crystallization had a radius of between 315 and 400 μm. 
These seeds were obtained by sieving xylitol chunks as directly received. 

2.2. Rheological measurements 

To study the crystallization of xylitol, an AR-G2, stress-controlled 
rheometer from TA Instruments was used. The rheological system used 
with the rheometer was a Peltier plate with a 40 mm diameter parallel 
plate geometry, as the Peltier plate can be used to control the temper
ature of the sample. This system has two main drawbacks. The first is the 
temperature gradient between the Peltier plate and the parallel plate, as 
the geometry is not a heated geometry, which causes the small gradient 
in the sample, and which can affect the viscosity measured by the 
rheometer. This difference in temperature causes differences in viscosity 
values. In this sense all the effects of this temperature problem which 
cause the deviation in viscosity, is studied by doing measurements with 
a standard oil. Experiments performed with standard oil deviated by 8% 
from the certified value (at 80 ◦C). At higher temperatures, deviation is 
greater than at low temperatures. 

The second is that the shear rate is dependent on the radius of the 
parallel plate geometry and the maximum shear rate is located at the 
edge of the geometry. 

For the experiments presented in this paper, three different shear 
rates and temperatures were chosen. The shear rates were 5, 10, and 15 
s− 1 at the edge of the geometry, and the temperatures were 70, 80, and 
90 ◦C. The selected shear rates were lower than 20 s− 1 since it was 
observed that, at 20 s− 1, crystal disaggregation occurred because of high 
shearing, which can hinder crystallization [1]. The maximum crystalli
zation rate for xylitol was observed at 70 ◦C [15]. The gap (xylitol 
sample’s height, distance between the Peltier plate and the parallel plate 
geometry) selected for the experiments was 600 μm, larger than the seed 
size used to activate crystallization, but small enough to lessen the 
temperature gradient of the sample. Xylitol seeds had a diameter be
tween 315 and 400 μm, obtained by sieving xylitol chunks. 

To ensure that the parallel plate geometry was not in contact with the 
seed, the sample was loaded in different steps. First, half of the xylitol 
was added and melted on the Peltier plate. Then, the temperature was 
lowered to the experiment temperature and a seed was added. Next, the 

Fig. 1. Employed prototypes: main dimensions (left), mechanically stirred prototype (centre), and bubbling system prototype (right).  
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remaining half of the xylitol, previously melted in an oven, was loaded. 
Finally, once the geometry was in position, the experiment started. 

2.3. Main characteristics of the prototypes used (mechanical stirring and 
bubbling systems) 

Two equivalent prototypes were used for the experiments, each with 
a different activation system. Their main body consisted of a cylindrical 
glass vessel that held the xylitol inside, with a diameter of 150 mm and a 
height of 250 mm (Fig. 1). The total inner volume was 3.35 L and 2.5 kg 
of xylitol were used. To control the temperature of the xylitol and the 
system charge/discharge, the inner vessel was surrounded by a glass 
heating jacket (180 mm diameter) that allowed the flow of a heat 
transfer fluid (HTF), silicone thermal oil. This heating jacket was con
nected by hoses to a thermostatic bath, which controlled the tempera
ture and mass flow rate of the HTF. 

The two activation systems used were based on bubbling and stirring 
mechanisms, respectively. The bubbling activation system consisted of a 

glass cannula with an inner diameter of 1.2 mm that was immersed in 
the PCM to introduce air from the bottom of the vessel. A rotameter 
controlled the air flow rate. The stirring activation system was formed 
by an impeller (IKA Eurostar 60 digital) placed in the centre of the tank. 
Its stirring rate was 100 rpm. In both prototypes, the temperature of the 
xylitol was registered by two Pt-100 immersed in the bulk PCM at 
different heights. The inlet and outlet temperatures of the HTF were 
recorded by temperature probes. The lid of the tank has a special hole to 
drop the seeds on the upper surface of the supercooled xylitol. 

2.4. Operation conditions of the experiments performed with the 
prototypes 

The performed tests consisted of an initial melting of the xylitol by 
heating the material up to 205 ◦C, followed by a cooling process down to 
a specific temperature below the melting point of the material (i.e.: a 
supercooled state). After isothermal conditions were achieved, the 
activation mechanism was turned on and, in selected cases, xylitol seeds 
were added to help promote the nucleation. The inlet temperature of the 
HTF was kept constant at the specified value during the whole process. 
Tests with various supercooling degrees were performed: in the me
chanically stirred prototype, the starting temperatures ranged from 
60 ◦C to 80 ◦C (at every 5 ◦C), while in the bubbling system, they ranged 
from 45 to 80 ◦C. The lowest chosen temperature in the stirred prototype 
was 60 ◦C because, at lower temperatures, the increasing viscosity of 
xylitol caused the Pt-100 probes to swirl with the liquid in movement, 
which was dangerous for the temperature sensors. 

2.5. Induction time definition 

Induction time is used to compare experiments at different temper
atures. Induction time is defined as the time between the introduction of 
the stimulous and the increase in temperature of the crystallization 
system. In an exothermic reaction event, there are three different stages 
[38,39] which can be seen in Fig. 2. In the first stage, the temperature 
remains constant, even though nuclei are already being formed. The 
second stage is formed by the early rise of the temperature, and the third 
stage lasts from the end of the second stage until the temperature rea
ches equilibrium. 

To measure the induction time, a small increment of temperature in 
the system can be used [38,39]. The induction time is then calculated as 
the time from the crystallization stimulus until the temperature has 
augmented in a fixed increment. (In the case of Omran et al. (1974) [38] 
the increase taken is 0.005 ◦C and in Picquard et al. (2022) [37] the 
increment is defined as 0.05 ◦C. In this work, the calculation of the in
duction time is calculated by the intersection between the initial 

Fig. 2. Change in temperature of an exothermic crystallization process [38].  

Fig. 3. Evolution of the viscosity of xylitol at different working temperatures (left) and with different shear rates (right).  
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temperature, and the tangent at the inflection point of the curve. By 
using the inflection points of the curves, this new method allows the 
comparison of different systems; as it is not reliant on the precision of the 
temperature sensor. 

Akin to the temperature curve, three different zones can be appre
ciated in the measurements. The first (induction zone) occurs at the 
beginning of the measurement, where viscosity remains constant. The 
second (crystallization zone) is triggered when crystallization starts. It 
can be recognized as a sudden increase in the viscosity and finishes when 
the end of the experiment is reached, or when the third zone starts. This 
third (slip zone) emerges when the viscosity is no longer increasing or is 
increasing at a much lower rhythm than at the start of the second zone. 
This occurs when the sample is fully crystallized but rotates along with 
the geometry. 

3. Results and discussion 

First, the rheological experiments are presented, followed by the 
results obtained with the prototypes regarding induction time, dis
charged energy, and thermal power. 

3.1. Rheological results: influence of temperature and shear on xylitol 
crystallization 

The results from the rheometer can be seen in Fig. 3, which shows the 
effects of the temperature (left) and shear rate (right) on the crystalli
zation of xylitol. Note that, to achieve the crystallization, a seed was 
required even if the xylitol was sheared. Once crystallization had been 
activated, the induced shear on the xylitol promoted crystallization 
[36]. 

The influence of temperature on crystallization can be observed in 

Fig. 3 (left). First, the induction time was assessed; this is the time 
elapsed from the beginning of the stimulus (shear) until the temperature 
of the xylitol rises, i.e.: the time required for the crystallization to start. A 
clear trend is appreciated in the figure: at 70 ◦C, induction times were 
shorter than at 80 ◦C and 90 ◦C; however, the results at 90 ◦C showed 
wide scattering. This can be because crystallization has a stochastic 
nature. 

The crystallization rate of xylitol can be assessed from the slope of 
the crystallization zone. As observed in the figure, the lower the tem
perature, the more pronounced the slope. This indicates that the crys
tallization rate was faster at 70 ◦C than at 80 and 90 ◦C. These results are 
consistent with the literature [15]. 

The results of the different shear rates are presented in Fig. 3 (right). 
Again, the scattering in the induction time was noticeable, as observed 
above. However, based on the similar slopes of the different measure
ments, the tested shear rates (5, 10, and 15 s− 1) had no significant in
fluence on the crystallization rate of the xylitol. 

3.2. TES prototype results: induction time 

The temperature evolution of the xylitol was analysed in the exper
iments to estimate the induction time (see definition in Section 3.1). It is 
important to remark that, with no stimulus, xylitol can remain super
cooled for days; although, as explained below, spontaneous crystalli
zation sometimes occurred. This was probably caused by the presence of 
impurities within the PCM. 

In Fig. 4, the temperature evolution of selected experiments at 
different HTF operation temperatures is presented. The red dashed 
vertical line at the beginning of the process represents the starting time 
of the stimulus. As observed, in every curve, the temperature of the 
xylitol started stable in a supercooled state until a sudden increase 

Fig. 4. Temperature evolution of xylitol for different HTF operation temperatures.  

Fig. 5. Induction time vs. temperature for experiments with seeding.  
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occurred until the temperature reached around 92 ◦C, which is the 
melting temperature of the PCM. This phenomenon is known as reca
lescence. The induction time was calculated for every experiment by 
crossing the lines tangential to the supercooled isothermal segment and 
the temperature increases during recalescence, as defined in the 2.5 
section. 

The induction times for the different HTF operation temperatures 
were analysed, and grouped by experimental conditions. The results are 
shown in Fig. 5 (with seeding) and Fig. 6 (without seeding). 

Regarding the results that included seeding (Fig. 5), the bubbling 
mechanism showed a clear dependence on the working temperature, 
forming a parabolic shape with a minimum value of around 65 ◦C. This 
is consistent with traditional crystallization theories, which state that 
there is an optimum temperature below the melting point where 
nucleation is more likely to occur. Below this temperature, nucleation is 
hindered by an excessive increase of viscous forces, while above this 
temperature the effect is not likely to happen due to an insufficient su
persaturation of the melt. Furthermore, it was noticed that the minimum 
absolute value of the induction time was around 25 min, which might be 
considered excessive for real TES systems. 

On the contrary, mechanical stirring did not show such a marked 
dependency on temperature for the induction time and the absolute 
values were generally lower than the bubbling system. The minimum 
induction time was around 20 min and occurred at 80 ◦C. Further ex
periments are required to confirm this behaviour. 

In some experiments, unintentional crystallization was noticed, 
which showed lower induction times than those presented above. Even 
though this effect might seem beneficial, it would introduce consider
able uncertainty at the discharge control for real storage systems. An 
increased number of experiments is required to acquire further knowl
edge on this effect, which is currently underway. 

The temperature distribution within the bulk PCM was also 

monitored during the experiments and evaluated (not shown in the 
figures above). It was noted that the crystallization with the bubbling 
system showed a more homogeneous temperature distribution than with 
mechanical stirring. Even though this effect does not influence the in
duction time trends obtained, it could be useful to optimize the opera
tion parameters that affect the heat transfer within the PCM for TES 
purposes (e.g.: the shear rate, dimensions of the impeller, amount of 
bubbling inlet points required, etc.). 

Concerning the results with no seeding (Fig. 6), it is worth noting 
that crystallization was not achieved with the mechanical stirring sys
tem in any of the HTF operation temperatures. Conversely, crystalliza
tion was achieved with the bubbling mechanism, although the induction 
times were noticeably longer and less reproducible than with seeding. In 
addition, no significant dependency on temperature was observed. 

3.3. Discharged energy and thermal power 

The evolution of the released energy and power during the discharge 
of the system was solely assessed for the experiments with bubbling, due 
to experimental complications during the set-up of the mechanical 
stirring prototype. To study the thermal behaviour of the system, the 
thermal power released from the xylitol to the thermal oil was calculated 
by Eq. (1), for every recorded time step. The contribution from the air 
stream used for bubbling was neglected in the balance, due to the dif
ficulty of measuring its temperature. However, the estimations per
formed showed that the theoretical maximum energy the air could 
remove from the system was insignificant for the operating conditions 
involved, in comparison with the other heat exchanges involved. 

Q̇Xyl ˙= moil ⋅ cp oil ⋅ (Toil out − Toil in) + |Q̇loss| (1)  

where Q̇oil (W) is the thermal power released by the xylitol, ṁoil
(kg/s) is 

Fig. 6. Induction time vs. temperature for experiments with no seeding.  

Fig. 7. Discharged energy for the bubbling system at different temperatures (no seeding).  
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the mass flow of the oil used as heat transfer fluid, cp oil (J/(g⋅K)) is the 
specific heat of the oil used as heat transfer fluid, (Toil out) and (Toil in)

(◦C) are the outlet and inlet temperatures of the oil circulating in the 
external jacket of the tank, and Q̇loss (W) is the thermal losses estimated 
for the inlet temperature of the oil. The thermal losses in equation (1) 
were not monitored, but estimated from a correlation obtained for every 
experiment. To do so, the thermal losses to the ambience in two specific 
isothermal segments of the experiments were calculated: first, when the 
system was fully charged above the melting temperature and, second, 
when the system was totally discharged. In both isotherms, the system 
was considered to be in steady state, so (Eq. (2)) could be applied. To 
ensure a steady state in xylitol, temperature was controlled and it was 
checked if xylitol temperature was constant before doing the measure
ment. The HTF (heat transfer fluid) is controlled to ensure xylitol re
mains at the experiment temperature, and does not cool until room 
temperature. Between these two points, the thermal losses were 
assumed to be linear. The resulting correlation was used to estimate the 
instantaneous thermal losses in equation (1). 

Q̇loss ˙= moil ⋅ cp oil⋅
(
Toil out − Toil in steady state

)
(2)  

Where Toil in steady state (◦C) is the inlet temperature of the oil circulating in 
the jacket. The energy exchanged was obtained by integrating the 
instantaneous thermal power values. 

3.3.1. Discharged energy 
The timewise evolution of the discharged energy for the studied 

conditions is shown in Fig. 7 (no seeding) and Fig. 8 (with seeding), for 
the experiments with the bubbling prototype. The origin of abscissae (t 
= 0) in both figures corresponds to the beginning of the recalescence 
process, which means that the initial isothermal segment under the 
supercooling conditions shown in Fig. 4 is not represented therein. 

The illustrations are complemented with Table 1, where the nu
merical values of the energy released by the PCM are provided. These 
are accompanied by the theoretical energy that the xylitol should release 
between the involved temperature ranges. This energy was estimated 
from DSC results published in previous references. Furthermore, the 
time needed to discharge the system for two specific discharge ratios was 
included, as well as the maximum power registered during the tests (the 
latter parameter is discussed in Section 3.3.2). 

In the theoretical calculation of energy discharged by xylitol, it is 
assumed that part of the latent heat liberated is used to heat the 
supercooled xylitol to the melting point temperature. After the phase 
change is finished, energy is still discharged because of the temperature 
difference between solid xylitol and the HTF. Because the specific heat of 
liquid xylitol is much greater than the specific heat of solid xylitol, the 
supercooling effect in the theoretical energy calculation is not negli
gible. The formula used to calculate the theoretical energy for the 
experiment i Ei

therotical is: 

Ei
therotical = mxyl⋅

[
ΔHxyl − cliq

p ⋅ΔTi
sub + csol

p ⋅ΔTi
sub

]

= mxyl⋅
[
ΔHxyl +

(
csol

p − cliq
p

)
⋅ΔTi

sub

]
(3)  

Where mxyl is the xylitol mass of the tank, ΔHxyl is the latent heat of 
xylitol, ΔTi

sub is the supercooling of xylitol, equal to the difference be
tween melting point and the initial temperature of the experiment i, and 
csol

p 
, cliq

p are the average specific heat of solid and liquid xylitol, 
respectively, between the supercooled temperature and the melting 
temperature. It is worth to highlight that the difference between the 
liquid and solid specific heat makes the total energy discharged less than 
the theorical latent heat. 

As observed, the theoretical and measured discharged energies are 
reasonably in agreement. In addition, the total amount of energy 
released by the system depends on its working temperature: the lower 
the HTF operation temperature, the lower the amount of energy dis
charged. This is an expected result since, for increased levels of super
cooling, a higher amount of energy stored within the PCM must be 
invested in the recalescence of the material. However, the trend was 
more pronounced for the results with seeding, while the tests without 
seeding show a lower dependency on temperature. This effect was not 
attributed to physical reasons but to experimental uncertainties. Since 
the experiments with seeding were shorter (due to the shorter induction 
times), the accumulated error in the heat loss estimation over time was 

Fig. 8. Discharged energy for the bubbling system at different temperatures (with seeding).  

Table 1 
Energy released by xylitol, discharge time, and maximum power during the tests 
with bubbling.   

Discharged energy [kJ] Discharging time 
for specific 
discharge ratios 
[min] 

Max. 
Power 
[W] 

HTF inlet 
temperature 
(◦C) 

Theoretical -ref. 
[2] (for m = 2.5 
kg) 

Measured 95% 90% 

Without seeding rowhead 
55 495.3 477.3 210.0 177.5 82.3 
60 507.7 484.0 277.5 222.5 69.7 
65 520.3 482.6 288.3 240.0 57.9 
70 533.0 491.0 370.0 289.2 52.9 
75 545.8 524.2 398.3 332.5 48.5 
80 558.5 518.0 801.7 655.0 23.1 
With seeding rowhead 
45 471.4 387.5 173.3 143.3 91.9 
55 495.3 437.5 237.5 183.3 79.2 
60 507.7 483.1 340.8 220.0 75.4 
65 520.3 447.1 410.8 297.5 60.9 
70 533.0 494.3 315.8 265.0 56.5 
75 545.8 496.8 510.0 392.5 43.9 
80 558.5 547.4 714.2 561.7 31.6  
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also lower. This would render more accurate results when performing 
the energy balances of the system. 

In terms of the time required to complete the discharge from the 
beginning of the recalescence, the system was able to complete its 
discharge faster at lower temperatures. In other words, the thermal 
power was higher at lower operating temperatures (this aspect is dis
cussed in more detail in the next subsection). 

The xylitol enthalpy-temperature curves obtained during the exper
iments are presented in Fig. 9 (without seeding) and Fig. 10 (with 
seeding). The curves were built by setting the enthalpy reference point 
(H = 0 kJ) at 45 ◦C for every experiment. In addition, for comparison 
purposes, the enthalpy temperature curve for the melting of xylitol by 
DSC is presented with a black dashed line (note that the curve for 

solidification cannot be attained by DSC, since crystallization does not 
occur unless a stimulus is employed). These curves are helpful to see, at a 
glance, how much energy can be stored/released between two specific 
HTF operation temperatures. The curves have the same form as the 
discharged process represented on the enthalpy-temperature map by del 
Barrio et al. (2017) [20]. 

3.3.2. Thermal power 
The thermal power during the induction and recalescence time was 

analysed by Eq. (1). The timewise results are shown in Fig. 11 (without 
seeding) and Fig. 12 (with seeding). (Note that the TES prototype 
employed is not optimized for thermal power behaviour, so the absolute 
values obtained are not representative of the achievable power in a real 

Fig. 9. Enthalpy – temperature curve of the xylitol obtained from experiments (without seeding).  

Fig. 10. Enthalpy – temperature curve of the xylitol obtained from experiments (with seeding).  

Fig. 11. Thermal power during discharge of the system at different temperatures (no seeding).  
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TES system) 
For every HTF operation temperature, the discharging power follows 

a similar profile, with a noticeable and sharp peak at the beginning 
(caused by the recalescence of the xylitol), followed by a gradual power 
decrease. For the different temperatures, the peak of maximum power is 
higher for lower HTF operation temperatures. This is expected since, in 
theory, for a system with the same PCM, the thermal power must be 
proportional to the temperature difference between the material and the 
heat transfer fluid. 

However, the differences in the maximum power achieved are not 
evenly distributed for the different HTF operating temperatures tested. 
In Fig. 11 and 12, it can be observed that there is no significant differ
ence between the power peak value at 65, 70, and 75 ◦C; however, be
tween these three temperatures and 80 ◦C, there is a noticeable 
difference in the power peak values. A similar effect occurs if we 
compare the power peak values at the mentioned temperatures with 
those at 55 and 60 ◦C. These trends suggest that the crystallization rate, 
whose maximum is around 70 ◦C [15], also influenced the thermal 
power achieved. 

Another observation raised from Fig. 11 and 12 is that the thermal 
power for the different temperatures crosses at a certain point; however, 
this does not mean that, at some point, the thermal power at lower HTF 
operation temperatures is larger than at higher temperatures. This oc
curs because the results are represented timewise. Thus, the charging 
ratio value at every time is not the same for the different curves pre
sented. Thus, in Fig. 13, the thermal power on discharge is plotted 
against the PCM discharge ratio for every test. As can be seen there, the 
thermal power at lower HTF operation temperatures is maintained 
higher at every discharging ratio during the whole experiment. This is 
consistent with the theoretical behaviour of thermal power, which has to 
be larger for higher temperature differences between the PCM and the 

HTF. 

4. Conclusions  

• Either bubbling or mechanical stirring promotes and accelerates the 
crystallization rate in xylitol-based TES systems. However, regardless 
of the stimulus, crystallization is not instantaneous; the achieved 
minimum induction time (without unintentional seeding) was 
around 20 min.  

• The induction times with the bubbling mechanism showed a clear 
dependence on the working temperature, conversely to the system 
with mechanical stirring. Induction time results were more repro
ducible when seeding was used.  

• With bubbling, crystallization was achieved with no seeding, 
although induction times are noticeably longer than with seeding. By 
mechanical stirring, crystallization did not occur unless seeding was 
employed.  

• Unintentional crystallization occurred in some experiments, which 
showed lower induction times. Further research is required to un
derstand this effect.  

• The measured discharged energies along the experiments were in 
good agreement with the theoretical capacity values of xylitol ob
tained from DSC.  

• The thermal power on discharge mainly depends on the temperature 
difference between the HTF and the PCM, as expected; however, the 
crystallization rate might also influence it. 
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