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Abstract: Sugar alcohols have interesting thermodynamic properties that make them good options as
heat storage materials (HSMs) to be used in solar cookers. Among sugar alcohols, xylitol is affected
by severe supercooling that can significantly alter its usefulness in thermal energy storage (TES)
systems. To overcome the supercooling issue, in this work the thermal behavior of a xylitol-based
TES installed in a portable solar box cooker was investigated experimentally. The solar cooker has a
4.08 concentration ratio and the TES is a double-pot system filled with 2.5 kg of commercial-grade
xylitol. The TES includes a manual mixing device that can be used to trigger the nucleation of
xylitol. The effectiveness of the TES system with and without triggering was assessed through several
outdoor tests, divided into heating and cooling phases, using silicone oil as absorbing media. It was
found that the average load cooling time, in the temperature range of the test fluid from 110 to 80 °C,
increased by about 346% when the solar cooker was equipped with the xylitol-triggered TES. The
mixing device can therefore be considered an effective solution for regarding xylitol as an actual and
performing phase change material.

Keywords: sugar alcohol; supercooling; nucleation triggering; heating phase; cooling phase; thermal
energy storage; phase change material

1. Introduction

One of the best and most promising ways to exploit solar energy is represented by solar
cooking. It is well-known that many developing countries benefit from abundant solar radia-
tion, with an average intensity of illumination that every day lies in the range of 57 kW /m?,
and more than 275 days of sunshine in a year [1-3]. Nevertheless, solar radiation is variable
by nature and depends on the day—night cycle, seasons and meteorological conditions, thus it
is not able to cover alone the usual domestic demand for energy.

One way to compensate for this intermittence would be to store the excess of thermal
energy converted from solar energy, in order to use it when solar radiation is absent. In
recent years, there has been an ever-growing interest in studying new methods for storing
energy, such as thermal, electrical, chemical and mechanical energy storages [4-6]. Thermal
energy storages (TESs), in particular, can take advantage of either the sensible or the latent
heat associated to the physical phase of specific substances, called heat storage materials
(HSMs). As suggested by their name, the latent-heat-based substances, also referred to as
phase change materials (PCMs), can continuously change their physical state to absorb or
release their latent heat generally over a narrow temperature range. The physical phases
involved in the process are usually the solid and the liquid forms. The combination of
a relevant amount of latent heat released and the thermal stabilization derived from the
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quasi-constant temperature phase transition can significantly enhance the use of solar
cooking. In fact, PCM-based TESs integrated in solar cookers allow the absorption of solar
energy during the heating process and to release the collected thermal energy during the
cooling process, keeping the food temperature steady.

Numerous studies demonstrated that solar cookers with embedded TESs, especially
if based on PCMs, constitute a valuable alternative to more traditional cooking solutions
that involve the usage of mostly used and environmentally harmful fuels (e.g., firewood,
manure and agricultural waste, coal) [7-9]. In this way, a moderate use of firewood would
help to preserve the ecosystem while animal manure could be used as natural fertilizer to
help agriculture.

Sugar alcohols (SAs), also called polyalcohols or polyols, belong to the family of low
molecular weight carbohydrates and their general formula is CnHop420n. While some
SAs are of natural origin and can be found in various fruits and vegetables, many SAs
are chemically derived from the reduction of carbohydrates. They are non-flammable,
non-toxic, and most of them are cost-effective [10]. Although they are usually considered
non-corrosive [10,11], it was shown that some SAs are prone to corrosion [12].

In relation to their melting temperatures and thermophysical properties, some SAs
are considered suitable to be used as PCMs in solar cookers for applications in the low—
medium temperature range (80250 °C). A summary of the works in which polyalcohol
sugars were used as PCMs in direct or indirect solar cookers is given in Table 1.
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Table 1. Literature summary of sugar alcohols used experimentally as phase change materials (PCMs) in direct and indirect solar cookers (SCs).

PCM T (°O) AHpy, (/g) Solar Cooker Design Cooking Medium Site Main Results Reference
Erythritol 118.0 339.8 Indirect SC with Water Mie, Japan (latitude: 33°48' N Noon cooking did not affect evening cooking. [13]
evacuated tube and longitude: 136°2' E) Evening cooking using erythritol was faster than
collector (ETC) noon cooking.
Erythritol 118.0 340.0 Concentrating Water Madrid, Spain (latitude: 40°23' N The obtained results indicate that three meals [14]
parabolic and longitude: 3°43' W) for a family were possible simultaneously with the
heat storage both in summer and in wintertime.
The storage utensil, left inside an insulating box,
allowed to cook dinner and breakfast of the next day
with the retained heat.
Erythritol 118.0 - Solar electric Water San Luis Obispo, CA, USA (latitude: The presented prototype was able to boil 1 L of [15]
cooker (SEC) 36°46' N and longitude: 119°25’ W) water in less than 20 min with an efficiency of 35%.
The SEC coupled with the PCM was able to store heat
for more than 4 h.
Erythritol 117.7 339.8 Solar box cooker Water and Ancona, Italy (latitude: 43°36' N The TES used in the portable SC stabilized the whole [16]
silicone oil and longitude: 13°31’ E) system and extended the use of the prototype
when the solar radiation was absent or intermittent.
The use of TES resulted in an extension of the average
load cooling time by approximately 351% with respect
to the system without the TES solution.
D-Mannitol 167-169 326.8 Indirect SC with Olive oil Chennai, India (latitude: 12°80' N The experimental data showed that the cooking unit had [17]
parabolic trough and longitude: 80°2’ E) an efficiency of 73.5% while the overall system efficiency
collector was equal to 10.2%. The main heat losses were identified

to be concentrated in the pipes (54.3%), the TES tank
(25.3%) and the cooking unit (4.1%).
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It is important to note that SAs can show the phenomenon of supercooling, that is,
the latent heat stored in the liquid PCM is released during solidification at a temperature
that is lower than the melting point. The supercooling degree of SAs, that is, the difference
between the melting and crystallization temperatures, can be more or less severe [18-20]
and is influenced by many factors such as the volume size of the sample, the presence of
impurities, the container characteristics, and the cooling conditions [21,22]. Supercooling
is usually considered a drawback, since it prevents the use of SAs as short-term TESs in
different applications [18]. This is especially true for SAs that present high and stable
supercooling. For example, it was shown that xylitol remains in a supercooled liquid state
even when cooled to temperatures as low as 0 °C, which is very far below its melting point
(equal to about 93 °C) [19,20,23,24].

On the other hand, the stable supercooling properties of SAs can be exploited for the
development of efficient long-term or seasonal TES systems. In particular, due to its high
energy density and high and stable supercooling, xylitol is considered a suitable substance
for low to medium temperature applications, ensuring low heat losses due to only sensible
heat that reduce insulation costs [25,26]. However, as shown by different experimental and
theoretical studies [23,26-29], the use of xylitol as a PCM for TES applications is hindered
by its very difficult nucleation triggering and its slow crystal growth rate, resulting in a
difficult energy discharge triggering and a low discharge power, respectively.

To overcome these drawbacks, different studies analyzed various techniques to trigger
the nucleation and crystallization processes of xylitol and to enhance its crystallization
rate. In general, several nucleation triggering methods have been studied to reduce
the supercooling degree of various PCMs and to achieve the heat release on demand at
the temperature required for the specific application. These techniques are divided into
passive—used to reduce supercooling (e.g., the use of additives)-and active, used to trigger
the nucleation process (e.g., seeding of crystals of the same substance, use of electrofreezing
or ultrasonic waves, local pressure increases, shear techniques, mechanical agitation and
bubbling) [30].

To accelerate the crystallization speed of xylitol (i.e., its release rate of latent heat)
for its use as long-term HSM, several additives were tested by Seppal et al. [23] for the
reduction of the solid-liquid interface tension and to lower the viscosity of the liquid phase.
The obtained results proved that, although some additives gave a substantial increase in
the speed of the crystallization front, the crystallization speed of these systems was still
lower than that of many other liquids.

Godin et al. [25] experimentally investigated different techniques for the nucleation
triggering of highly viscous undercooled xylitol for long-term TES applications. Based on
the methods discussed in the paper, the bubbling technique allowed us to efficiently trigger
the nucleation of xylitol and to sufficiently accelerate the crystal growth rates. Instead,
nucleation triggering techniques (local cooling, seeding, high-power ultrasound) showed
very local effects and very low crystallization rates that implied low heat release rates and,
consequently, too long discharge times. The authors also stated that, although mechanical
agitation is a more intrusive method respect to bubbling requiring an expensive reactor
design, it can be considered suitable for the discharge triggering of xylitol at appropriate
crystallization rates.

Very similar outcomes were presented in the experimental study by Duquesne et al. [28]
concerning the nucleation triggering of undercooled xylitol for long-term TES applications.
In particular, the authors proved that two techniques were able to activate and acceler-
ate the crystallization process of severely undercooled xylitol: mechanical agitation and
stirring by bubbling using a compressed air reactor. The authors showed that nucleation
triggering due to mechanical agitation is very fast, suggesting that this technique could be
an efficient solution for discharging the storage system at the appropriate speeds. However,
in agreement with Godin et al. [25], it was explained that mechanical agitation exhibited
a less homogeneous solidification from a spatial point of view respect to the bubbling
method, can be a more intrusive technique, and may require a specific reactor design with
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possible extra-costs. On the other hand, the authors explained that stirring by bubbling
can be considered a low-intrusive and cost-effective technique that gives a homogeneous
solidification from a spatial point of view.

More recently, Delgado et al. [29] experimentally investigated the nucleation trigger-
ing of xylitol and the acceleration of its crystallization rate for short-term TES applications.
In particular, the authors studied the effect of seeding in presence of shear on the crystal-
lization process of severely undercooled xylitol using both a rheo-optical approach and
rheometry. Results showed that the combined effect of seeding and shearing on xylitol can
trigger and accelerate its crystallization process.

With the intention of improving the efficiency of solar cookers using natural substances
such as SAs, in the present study a portable solar box cooker was tested with a xylitol-based
TES. This work continues the authors’ research on sugar alcohols combined with solar
cookers; in a recent paper, in fact, the same portable solar box cooker was tested with
erythritol [16]. Based on the authors” knowledge, there is no study in the literature that
involves the use of xylitol as HSM to be used with solar cookers. The purpose of this work
is therefore to experimentally characterize a solar box cooker with a xylitol-based TES, in
order to evaluate its thermal performance during the heating phase, when solar radiation is
available, and during the cooling phase, when solar radiation is not available. To avoid the
high and stable supercooling of xylitol and to allow its nucleation triggering at the desired
temperature, the TES was equipped with a manual device for the mechanical agitation
of the substance. The results obtained using the device for the mechanical agitation of
xylitol will be compared with those obtained without considering any nucleation triggering
technique. Any possible benefits provided by the studied techniques will be analyzed
deeply and discussed.

After the Introduction, the paper is divided into four sections. In Section 2, the
experimentally-determined thermodynamic properties of the xylitol sample considered in
this work are reported, together with a literature review of its main thermodynamic and
transport properties. The TES system used for the tests is also described here, together
with the main features of the portable solar box cooker. The same section also reports
the experimental parameters that were calculated to characterize the solar cooker system,
and the test setup used for the measurements. In Section 3, the results obtained from the
experimental tests are provided. Specifically, the following tests are compared: tests carried
out without the TES, tests carried out with the TES without using any nucleation triggering
technique, and tests carried out with the TES by using the device for the mechanical
agitation of the sample. The discussion of the results is provided in Section 4, while
Section 5 summarizes the conclusions of the study. Additionally, Appendix A reports a
summary of a number of works that studied PCMs with melting point temperatures in the
range from 80 to 110 °C for solar cooker applications.

2. Materials and Methods

The system under analysis is composed of two different elements: the portable solar
box cooker and the thermal energy storage (TES) containing the heat storage material
(HSM) based on xylitol. Firstly, a literature review of the thermal and cycling stability tests
performed on xylitol and its main thermodynamic and transport properties is reported,
together with different properties measured for the sample used in this work. Then, a
detailed description of the TES used in this work is presented, along with the main details
of the solar box cooker and of the experimental methodology. Since the optical analysis,
the materials and the procedure used for the manufacture of the cooker were extensively
described in a previous work [16], in the following subsections only its main properties
will be presented.

2.1. Thermodynamic and Transport Properties of Xylitol

Xylitol (CsH1p05, CAS Number 87-99-0), also called wood sugar, is a sugar alcohol
classified as a 5-carbon polyol. It is produced by the metal catalyzed hydrogenation of



Energies 2021, 14, 5981

6 of 21

the sugar D-xylose [31]. The main substrate for its production is xylan, which is usu-
ally extracted from birch, strawberry, raspberry, plum and wheat. It was discovered in
1891 [29,32] and is widely used as a food additive, especially in chewing gums and candies,
and in pharmaceuticals. Its sweetening power is similar to that of sucrose, but it contains
40% less calories. In addition, it can prevent the formation of dental caries and arrest
initial caries lesions [33]. Two crystalline forms of xylitol are reported in literature: a stable
orthorhombic form with a melting temperature in the range 93-94.5 °C and a metastable,
hygroscopic monoclinic form with a melting temperature in the range 61-61.5 °C [34,35].
The decomposition temperature of xylitol was determined to be 200 °C [36], that is the
highest temperature for its use as a HSM.

Table 2 reports the values of melting temperature (onset, unless otherwise stated), Tpy,
and latent heat of melting, AHp,, which can be found in the literature, measured with a
differential scanning calorimeter (DSC). The two properties are necessary for evaluating
the potential use of xylitol as an HSM. The collected values of Ty, are generally in good
agreement, ranging from 92 °C to 95.7 °C, and it is possible to note that they are inde-
pendent of the heating rate used for the measurement. Instead, slightly higher deviations
between the values of AHy, can be detected.

The measurements of Ty, and AHp, for the commercial-grade xylitol charged in the
TES of the solar box cooker are reported in Table 2, together with their combined standard
uncertainties. The thermodynamic properties were evaluated with the use of a DSC, model
NETZSCH DSC 214 Polyma. Adopting a heating rate of 1 °C/min, three different samples
of the substance were measured and the average values of Ty, and AHy, are presented in
this study.

The same DSC device, with the same heating rate, was also used to analyze three
samples of xylitol with a purity greater than 99% (provided by Sigma-Aldrich). The
average values of Ty, and AHy, are also reported in Table 2. Figure 1 shows the heat flow
vs. temperature curves of the average values of the three measurements for the pure xylitol
samples and the average values for the commercial-grade xylitol samples. From the results
provided in Table 2 and Figure 1, it is possible to state that the values measured for the
commercial-grade xylitol used in the TES are consistent with the values measured for the
xylitol with a higher purity and those reported in literature.

Table 2. Melting temperature (onset), Ty, and latent heat of melting, AHp,, of xylitol measured by
DSC at different heating rates (HR).

T AHp, HR Purity Reference
(°QO) (J/g) (°C/min) %

92.0 249.0 0.5 industrial quality [23]
92.8 241.2 0.5 99 [29]
93.0£1.0 236.0 4.0 0.5 food grade [37]
92.7 240.1 1 99 [10]
9512 251.0 1 99 [11]

922 +0.1 2271 +1.6 1 commercial grade this work

92.0+ 0.5 232.7+9.2 1 99 this work
93.1 226.2 5 >99 [38]
934 +0.3 2375+ 3.5 5 99 [19]
933 +£0.2 2314 +2.5 5 98 [19]
93.1+1.0 241.0+2.0 5 food grade [37]
92.7 +0.1 232.0+1.0 5 >99 [39]
95.02 248.0 5 - [27]
95.0 267.0 10 >98 [40]
93.0 259.7 10 99 [41]
93.0 + 0.5 263.0 + 13.0 10 >98 [26]
90.0 £ 1.0 2376+ 1.3 10 technical grade [24]
91.1 286.6 10 - [42]
94.4P 2214 +22 10 >99 [43]
93.0 272.3 10 - [44]
95.7b 246.0 + 1.0 - >99 [45]

2 unspecified type of temperature. ® peak temperature.
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Figure 1. DSC analysis of commercial-grade xylitol (C.G. sample) and pure xylitol from Sigma
Aldrich (S.A. sample).

The absence of an exothermic peak during the cooling phase up to 40 °C is evident
in Figure 1 for both the commercial-grade and the pure xylitol samples, demonstrating
the lack of crystallization in the DSC tests. In addition, during the heating phase of the
following cycle on the same samples, no endothermic peaks were found. This aspect is due
to the fact that there was no liquid—solid transition in the cooling phase of the previous cycle.
The same results were also obtained by other authors during the cooling phase of the DSC
measurements [19,23,24,38,45]. In particular, Shao et al. [19] carried out three consecutive
tests and showed that no endothermic peaks were detected in the heating phase of the
second and third tests. The lack of crystallization during the cooling phase of melted xylitol
was also observed by the same authors with an isothermal test called T-history method [20].
In particular, the authors suggested that xylitol could remain a supercooled liquid until its
vitrification at a temperature of —22 °C, at which it could behave like an amorphous glass-
like material. The same behavior was also found by Gunasekara et al. [46] with a T-history
method and by Hohlein et al. [24] with a three layer calorimeter. Diogo et al. [45] studied
the behavior of xylitol resistance to crystallization, linking it to low molecular mobility and
a high degree of cooperation in molecular motion. These results prove that xylitol have
a very high and stable supercooling, remaining a supercooled liquid at temperatures far
below its melting point. Therefore, as mentioned in Section 1, this drawback of xylitol is
due to its very difficult nucleation triggering and hinders its direct use for several TES
applications. Instead, suitable nucleation triggering methods have to be considered to
discharge the energy stored in xylitol at specific temperatures.

Figure 2 shows the regressed and measured values of the specific heat of xylitol
available in literature as a function of temperature. From the graph, a general good
agreement between the collected values is evident. Figure 3, instead, shows the measured
values of the thermal conductivity available in the literature as a function of temperature.
In general, from Figure 3, a good agreement is evident in the liquid phase between the
different values collected in the literature. The solid phase, however, shows discrepancies.

The values of viscosity () and density measured both in the liquid (p;) and solid (ps)
phases for xylitol available in the literature are reported in Table 3, together with their
temperature ranges. From Table 3, it can be seen that the percentage change in volume
between the solid and liquid states is around 15%, value that should be taken into account
when designing a TES system. The same table reveals high values of viscosity, especially at
low temperature, which lead to a limited mobility of the molecules and a relevant barrier
for nucleation. This phenomenon could partially explain the deep supercooling degree
of the substance [26,40]. Finally, it has to be noted that only a very limited amount of
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experimental data for viscosity and density of xylitol (with clear values of the temperatures
at which the measurements were performed) are available in the literature.
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Figure 2. Xylitol specific heat collected from the literature as a function of temperature. The red
vertical line indicates the melting temperature and delimits the solid phase (left) from the lig-
uid phase (right). The points from the work of Zhang et al. [26] at 80 °C and 90 °C refer to the

supercooled liquid.
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Figure 3. Xylitol thermal conductivity collected from literature as a function of temperature. The
red vertical line indicates the melting temperature and delimits the solid phase (left) from the liquid
phase (right). The points from the work of Zhang et al. [26] in the temperature range 30-90 °C refer
to the supercooled liquid.
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Table 3. Measurements of density in the liquid (p;) and solid (ps) phases and viscosity (y) of xylitol
as a function of temperature collected from the literature.

Quantity [40] [26] [24] [29]
ps (kg/md) 1500.1-1472.5 1497.1-1477.0 1505.0-1487.7 -
T range (°C) 30-90 30-90 20-90 -
o1 (kg/m®) - 1374.6-1311.52 1344.6-1324.4 -
T range (°C) - 40-130 120-150 -
1 (Pas) 10.01-0.4127 68.05-0.2441 - 05
T range (°C) 57-96 40-108 - 90

 supercooled liquid.

To the best of the authors” knowledge, the only analysis regarding the thermal perfor-
mance of xylitol over a long period of application was carried out by Zhang et al. [26] by
means of a thermal and cycling stability test. The authors showed that the latent heat of
melting of xylitol has decreased by less than 2% after 20 cycles. Unlike other sugar alcohols
that showed significant deteriorations of their long-term thermal performance [47-49],
these results seem to prove that xylitol has good thermal and cycling performance. How-
ever, additional tests characterized by a higher number of cycles are necessary to assess the
long-term thermal performance of xylitol in a more accurate way.

2.2. Thermal Energy Storage System

Figure 4 shows the thermal energy storage (TES) chosen to perform the tests. The
TES was filled with commercial-grade xylitol and its detailed description can be found in
a previous work [16]. In the present work, however, the TES was also equipped with a
manual device for the mechanical agitation of the sample, with the aim of triggering xylitol
nucleation. The device, highlighted in red in Figure 4, consists of a C-shaped rod able to
rotate on the axis of the T-type thermocouple support used to measure the temperature of
the testing fluid (7). Two thin iron wires (with one end connected to the rod and the other
end free, outside the cooking chamber) were used to rotate the rod without opening the
cooking chamber. Thanks to its simplicity and ease of use, the device can be considered a
cost-effective solution that can be easily implemented in TESs used for solar cookers.

Iron wire

T-type thermocouple

Manual triggering system

Heat storage material |[f:+

Figure 4. Thermal energy storage. The device used for the mechanical agitation of xylitol is drawn
in red.

For the preparation of the heat storage material (HSM), a static oven was used to heat
2.5 kg of commercial-grade xylitol for two hours at over 80 °C. In order to remove any
possible moisture from the substance, the same operation was repeated a second time.
Whereupon, the HSM was inserted in the TES cavity and the static oven was used to heat
the entire system for two hours at a temperature of 150 °C. In addition, before the use of the
xylitol-based TES in the solar cooker, several tests were carried out to check the efficiency of
the nucleation triggering device. The results proved that the mechanical agitation allowed
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the beginning of the crystallization of the sample in a short time and at temperatures close
to the melting temperature of xylitol.

2.3. Solar Box Cooker

The portable solar box cooker studied in this work is represented in Figure 5. The
concentration ratio of the solar cooker, defined as the ratio between the cooker aperture
area and the glass cover area, is equal to 4.08. The prototype has the external part composed
of a wooden box, while the internal part includes a zinc-coated steel frame having the
function of cooking chamber. The cooking chamber was painted with a selective black
coating (SOLKOTE HI/SORB-II), in order to improve its absorptivity to solar radiation
(around 90%) and reduce its emissivity in the long wavelength range.

The solar box cooker is thermally insulated with glass wool and the superior part of
the cooking chamber is shielded with a tempered glass cover having a transmittance of
about 90% and a net surface area of 0.167 m?. The cover is surrounded by eight booster
mirrors, realized with wooden supports where aluminum foils were glued; the aluminum
used for the reflective foils has a solar reflectance of about 94% (MIRO-SUN Weatherproof
Reflective 90). The mirrors have two different inclination angles (63.43° and 56.98°, as
indicated in Figure 5), and form an aperture area of 0.681 m?. A summary of the thermo-
optical properties of the solar box cooker and its main characteristics are provided in
Table 4.

Booster mirror system

; ; 63.43° o
Tilting support| /< /498

Glass cover / / / v/ \
! 8
]

753

381

o
<

_
400 562
i _
Figure 5. Portable solar box cooker.
Table 4. Thermo-optical properties of the solar box cooker.
Properties Value
Mass (kg) 20.1
Aperture area, A, (mz) 0.681
Glass cover area, Ag (m?) 0.167
Concentration ratio, C 4.08
Number of mirrors 8
Inclination angles of mirrors (°) 63.43-56.98
Mirror solar reflectance 0.94
Glass cover solar transmittance 0.90
Black coating solar absorptance 0.90

2.4. Experimental Methodology

The portable solar box cooker under study was tested outdoor on the DIISM (De-
partment of Industrial Engineering and Mathematical Sciences) roof (latitude 43.5867 N,
longitude 13.5150 E). To track the sun with good precision, the cooker zenithal and az-
imuthal alignment were manually adjusted every 5-10 min. Before being tested with the
xylitol-based TES, the solar cooker performance was evaluated under no-load conditions
and with silicone oil (Rhodorsil Oil 47 V 100), fluid used to exceed the limit of 100 °C given
by water boiling.

The main experimental parameters used to characterize the performance of the solar
box cooker with and without load are provided in Table 5. For the solar cooker under study,
the first figure of merit (F;), a parameter that indicates the performance of the cooker with
no load and in stagnation conditions [50], was found to be equal to 0.19 °C/(W/m?) [16].
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Table 5. Experimental parameters for the assessment of the solar cooker performance.
Experimental Parameter Equation/Formulation Equation Parameters
First figure of merit [50] F = Ta'%;”nmb (°C/(W/m?)) A, = aperture area of the solar cooker (m?)
¢t = specific heat of the test fluid (J/ (kg K))
Heating time interval Aty = HTp) — t(Ty) (h) DNI = direct normal irradiance (W/m?)
Second fi f merit [50 By — e | L (0 o) /N DNI,, = DNI d at Aty (W/m?
econd figure of merit [50] 2= Zoap In | L s oy o) /DN av = mean measured at At, (W/m?)
DNI,of = 900 W/m?
Specific boiling time [51] ts = Atﬁ;:\"’ (hm?2/ kg) my = mass of the test fluid (kg)
Tampb = ambient temperature (°C)
Characteristic boiling time [51] th = ts g;\\,]}:f (hm?/ kg) Ta,max = absorber stagnation temperature (°C)
Tamb,ay = mean T,n, measured at Aty, (°C)
Overall thermal efficiency [51] Hay = % t(Ty) = starting time of the heating phase (h)
t(T>) = ending/starting time of the heating/cooling phase (h)
Cooling time interval Ate = H(Tp) — t(T3) (h) t(T3) = ending time of the cooling phase (h)

The results of the tests carried out with silicone oil were elaborated again in the
present work, in order to define a proper baseline to be used as term of comparison for the
tests with the xylitol-based TES. Considering a melting temperature for xylitol equal to
92 °C, each test was subdivided into two phases: a heating phase, evaluated in the range
55-110 °C, where the solar cooker was exposed to solar radiation, and a cooling phase,
evaluated in the temperature range 110-80 °C, where the solar cooker was intentionally
closed to solar radiation. In this way, it was possible to emulate absence of solar radiation,
and to evaluate the thermal behavior of the system with and without the TES.

The main temperatures that characterize the solar box cooker prototype coupled
with the xylitol-based TES were measured by means of calibrated thermocouples. T-type
thermocouples were installed to measure ambient temperature (T,,) and that of the test
fluid (Tf), while K-type thermocouples were used to measure the temperature of the glass
(Tg), of the absorber (T,) and of the HSM (Thswm,1 and Tyswm,2), the latter two inserted in the
TES as depicted in Figure 4. Direct normal irradiance (DNI), instead, was measured through
a first-class normal incidence pyrheliometer (Epply NIP) mounted on a solar tracker.

3. Results

This section reports the results obtained through the experimental tests carried out
with the portable solar box cooker coupled with the xylitol-based TES. The results of
the load tests are divided into tests with silicone oil only and tests with silicone oil and
xylitol. The latter results are further divided into those obtained without considering
any nucleation triggering technique, and those obtained by using the manual device for
mechanical agitation.

3.1. Load Tests Carried out with Silicone Oil

Three tests with 1.5 kg of silicone oil were carried out in June 2019. The results derived
from the heating phase are provided in Table 6, while the cooling phase is summarized
in Table 7 (tests 1-3). The temperatures and the direct normal irradiance detected on
17 June 2019 (test 3) are depicted as an example in Figure 6. Taking as a reference for the
heating phase the time required by the silicone oil to take its temperature from 55 to 110 °C
(0.71 h), the corresponding average environmental parameters were found to be 28.57 °C for
Tamb,av and 749.41 W/ m? for DNI,y. The values of the performance parameters discussed
in Section 2.4 are provided in Table 6.



Energies 2021, 14, 5981 12 of 21

Table 6. Summary of the tests carried out with silicone oil and silicone oil + HSM during the heating phase.

Quantity Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10

Date 11/06/2019 12/06/2019 17/06/2019 05/06/2019 06/06/2019 07/06/2019 10/05/2021 18/05/2021 20/05/2021 31/05/2021

my (kg) 15 15 15 15 15 15 15 15 1.5 15

mpsm (kg) - - - 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Ty (°C) 55 55 55 55 55 55 55 55 55 55

T, (°C) 110 110 110 110 110 110 110 110 110 110

DN,y (W/m?) 718.69 588.64 749.41 794.45 719.75 726.24 915.76 923.10 946.13 928.17

Tamb,av (°C) 30.91 28.17 28.57 28.23 26.97 26.09 24.12 24.08 1991 21.06

Aty (h) 0.83 0.73 0.71 1.68 2.83 2.13 2.28 1.99 2.26 2.36

ts (hm? /kg) 0.38 0.33 0.32 0.76 1.28 0.96 1.04 0.91 1.02 1.07

tan (hm?/kg) 0.30 0.22 0.27 0.67 1.03 0.78 1.05 0.93 1.08 1.10

Nav 0.09 0.13 0.10 0.04 0.03 0.04 0.03 0.03 0.03 0.02

k 0.15 0.27 0.17 0.07 0.05 0.06 0.04 0.05 0.04 0.04
Table 7. Summary of the tests carried out with silicone oil and silicone o0il + HSM during the cooling phase.

Quantity Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10

Date 11/06/2019 12/06/2019 17/06/2019 05/06/2019 06/06/2019 07/06/2019 10/05/2021 18/05/2021 20/05/2021 31/05/2021

my (kg) 15 15 15 15 15 15 15 15 15 15

mysm (kg) - - - 2.5 2.5 2.5 2.5 2.5 2.5 2.5

T, (°C) 110 110 110 110 110 110 110 110 110 110

T3 (°C) 80 80 80 80 80 80 80 80 80 80

Tamb,av (°C) 30.36 29.87 28.64 28.08 26.26 26.64 26.41 25.35 19.96 21.44

Atc (h) 0.78 0.78 0.69 1.64 211 2.00 1.70 3.79 3.23 3.02

Triggering by mixing - - - - - - - yes yes yes
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Figure 6. Results of a silicone oil test (17/06/2019, test 3).

Once silicone oil overtook a temperature of 130 °C, the absence of irradiation was
emulated by shading the cooker. During the cooling phase, the mean ambient temperature
Tamb,av Was equal to 28.64 °C and silicone oil required around 0.69 h to take its temperature
from 110 to 80 °C. As can be verified from Tables 6 and 7, the performance parameters
used to characterize the cooker assume repeatable values.

3.2. Load Tests Carried Out with Silicone Oil and Xylitol (without Triggering)

To evaluate the thermal behavior of the solar box cooker integrated with the xylitol-
based TES, four outdoor tests with 1.5 kg of silicone oil and 2.5 kg of HSM were performed
in June 2019 and May 2021. In the same fashion of the tests carried out with silicone oil
only, the results of the experimentation are depicted in Table 6 for the heating phase and in
Table 7 for the cooling phase (tests 4-7).

An example of a test carried out with the xylitol-based TES is shown in Figure 7
(test 6). In the heating phase, which required 2.13 h to take the silicone oil temperature
from 55 to 110 °C, the mean environmental parameters were DNI,, = 726.24 W/ m? and
Tamb,av = 26.09 °C. As evident in Figure 7, the phase transition of xylitol started at about
92 °C, value that corresponds to the melting point of the substance. Due to the presence
of the additional mass of xylitol, the heating phase, if compared to test 3 (which has
comparable mean environmental parameters), lasted about 200% longer.

The cooling phase, instead, required 2 hours to decrease the test fluid temperature
from 110 to 80 °C. During this phase, the mean ambient temperature was 26.64 °C. With
respect to the same case evaluated without the xylitol-based TES (test 3, At. = 0.69h), the
silicone oil cooling time increased by about 190%, allowing a longer thermal stabilization
of the test fluid.

Figure 7, however, does not show an evident phase transition for xylitol in the cooling
phase, in agreement with the discussion of Figure 1 about the DSC analysis. This phe-
nomenon was observed in all four tests performed with oil + xylitol; the phase change of
the HSM occurred only in the heating phase and always around 92 °C. This behavior is
probably caused by the fact that xylitol presents crystallization and supercooling issues, as
discussed in Section 2.1. Numerous authors have therefore proposed different techniques
to promote the nucleation and crystallization behavior of xylitol, such as seeding/shearing,
bubbling or mechanical agitation [23,28,29].
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Figure 7. Results of a silicone oil + HSM test without triggering (07/06/2019, test 6).

3.3. Load Tests Carried Out with Silicone Oil and Xylitol (with Triggering)

In addition to the tests carried out without any triggering of crystallization for xyli-
tol, in May 2021 other three investigations were performed with the same methodology
(heating + cooling phase), but during the cooling phase the device installed in the TES was
manually activated by an operator in order to promote nucleation and, thus, the phase change
of the HSM. These tests are also reported in Table 6 for the heating phase and in Table 7 for
the cooling phase (tests 8-10).

As can be seen in Figure 8, which shows the test carried out on 20 May 2021 (test 9;
DNI,, = 946.13W/m?; Tamb,av = 19.91 °C), no evident difference can be found during
the heating stage for the phase change process, that continues to occur at around 92 °C.
In the cooling phase, instead, an operator manually triggered for about 5 min the HSM
by means of the dedicated device when a temperature lower than the melting point was
detected. Looking again at Figure 8, it is possible to note that the manual activation did not
result in an immediate response of the substance, which took around 15-20 min to start
the phase change process and to increase its temperature. Figure 8 also depicts that the
activation process is not uniform in the HSM, but it was faster in a portion of the substance
(Trsm 1) and slower in another (Tygy 2). This effect is likely due to the non-uniformity of
the commercial-grade xylitol, but it may also depend on an imperfect utilization of the
activation device.

Besides a possible non-uniformity in the activation process, from Figure 8 it is clear
that the manual triggering of xylitol allowed to stabilize the thermal capacity of the solar
cooker system and, in particular, of the load (silicone oil). This should allow us to extend
the cooling time interval and, thus, to improve the thermal performance of the solar cooker
when solar radiation is absent or intermittent. This aspect will be discussed in detail in the
following section.
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Figure 8. Results of a silicone oil + HSM test with triggering by mixing (20/05/2021, test 9).

4. Discussion

The benefits and disadvantages of using a solar box cooker combined with a xylitol-
based TES were quantified by investigating the experimental tests performed with silicone
oil (tests from 1 to 3), with silicone oil and HSM without triggering (tests from 4 to 7), and
with silicone oil and HSM with triggering (tests from 8 to 10). In all cases, the heating
and the cooling sessions were split and elaborated separately. For each test set, it was
therefore possible to determine the corresponding heating times (Aty, ,; and Aty, oi1-4 Hsm)
and cooling times (At i1, Afcoil+asm and Afeoii1Hsm tigs i the cooling phase there is a
distinction between the tests performed with and without triggering). For the heating
phase, the difference between the heating time required for the xylitol-based TES and
the time required for the system without TES allows us to determine the time needed to
warm-up the material under analysis; this effect is undesired, but unavoidable. For the
cooling phase, instead, the same time difference is a desired effect, which should be as high
as possible.

Before getting into the discussion, it should be noted that it is not possible to make
direct calculations between the heating and the cooling times found for a test. This is true
for at least two reasons: (1) during the heating phase, solar radiation provides thermal
energy to the HSM, and this causes the phase transition, while during the cooling phase
the HSM is left cooling down naturally; (2) the temperature ranges chosen for evaluation
are different (55 °C for the heating phase and 30 °C for the cooling phase). It is, however,
useful to compare the two times to assess if the useful effect (cooling slowdown of the
system) is superior to the detrimental effect (heating slowdown).

Analyzing the heating session, Table 6 shows that the additional mass of HSM implies
an increasing heating time, and a general deterioration of the performance parameters. It
is also possible to note that Aty varies with ambient conditions and may depend on how
often the operator acts on the orientation of the solar cooker.

A detailed analysis of the heating time is provided in Table 8. In this table, the
mean heating time of the experimental tests performed for silicone oil only (At} o, mean
value of the At;, values reported in Table 6 for the tests 1-3) and for silicone oil and HSM
(Aty, o1+ 1M, mean value of the Aty, values reported in Table 6 for the tests 4-10) are reported.
The corresponding deviation is calculated as the percentage difference between the mean
silicone o0il + HSM heating time (2.22 h) and the mean silicone oil heating time (0.76 h).
As a consequence of that, the solar cooker integrated with the HSM-based TES shows a
heating time that is increased by an average 193% with respect to the average performance
obtained with the system without HSM. In the same table, the “best” deviation indicates
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that, in the most favorable condition, which occurs when the heating time assumes the
highest value for silicone oil (test 1, 0.83 h) and the lowest value for silicone oil and xylitol
(test 4, 1.68 h), the percentage difference between the two cases is low and equal to 102%.
The “worst” deviation, instead, refers to the case which occurs when silicone oil heats up
fast (test 3, 0.71 h), while it heats up slowly in the HSM-based TES (test 5, 2.83 h); in this
case, the resulting maximum deviation is equal to 299%.

Table 8. Heating time evaluation of the tests with silicone oil and with silicone oil + HSM.

Quantity Average Best Worst
Aty o1 (h) 0.76 (tests 1-3) 0.83 (test 1) 0.71 (test 3)
Aty oit+msm (h) 2.22 (tests 4-10) 1.68 (test 4) 2.83 (test 5)
Deviation (%) 193 102 299

The cooling times recorded during the cooling phase of the outdoor tests are reported
in Table 7. In this case, the cooling time At is influenced by the ambient temperature
and the manual triggering. As expected, the use of the xylitol-based TES brings to a clear
extension of the test fluid thermal stabilization, extension that is even larger when the
triggering procedure is performed.

In the same fashion of Table 8, the mean cooling times of the tests carried out with
silicone oil only (At ., mean value of the At. provided in Table 7 for the tests 1-3), with
silicone oil and HSM without triggering (At i1+ sy, mean value of the At. provided in
Table 7 for the tests 4-7), and for silicone oil and HSM with triggering (At oi11 HsM trig/
mean value of the At. reported in Table 6 for the tests 8-10) are provided in Table 9. The
table highlights that, when xylitol is not triggered, the mean deviation is equal to 148%,
while the “best” condition, which is obtained for test 3 (silicone oil only, 0.69 h) and test 5
(silicone oil and HSM, 2.11 h), results in a maximum deviation equal to 206%. The “worst”
case, instead, takes into account the longest cooling time for silicone oil (test 2, 0.78 h) and
the shortest cooling time for silicone oil and HSM (test 4, 1.64 h), resulting in a minimum
deviation of 110%.

Table 9. Cooling time evaluation of the tests with silicone oil and with silicone oil + HSM (with and

without triggering).

Quantity Average Best Worst
At o (h) 0.75 (tests 1-3) 0.69 (test 3) 0.78 (test 2)
At gityrsm (h) 1.86 (tests 4-7) 2.11 (test 5) 1.64 (test 4)
At il HSMtrig (h) 3.35 (tests 8-10) 3.79 (test 8) 3.02 (test 10)
Deviation w/o triggering (%) 148 206 110
Deviation with triggering (%) 346 449 287
Deviation between trig. and w/o trig. (%) 80 80 84

Even if the use of the xylitol-based TES without triggering has an advantageous effect
on the thermal stabilization of the cooking load, a comparison between Tables 8 and 9
depicts that the extension of the heating time is not well counterbalanced by the increase of
the cooling time. The absence of manual triggering is therefore not beneficial for a solar
cooker using xylitol as HSM, because the two times are comparable. In fact, it is not so
useful to extend the cooling time if the heating time is extended by a similar amount.

The issue can be overcome triggering the HSM by mixing. In fact, looking again at
Table 9, it is possible to note that deviations when xylitol is manually triggered are much
better. In the average case, for instance, the cooling time deviation between the system with
its TES triggered and the system without TES is 346%. In other words, the activation of
xylitol extends the cooling time period by 80% with respect to the case without activation.
Manual triggering allows to achieve an advantageous difference between cooling and
heating times, since it allows to take full advantage of the thermodynamic properties of
xylitol, that is, its high latent heat of solidification. With the mixing technique, xylitol can
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therefore be regarded not just as a generic HSM, but as a PCM in all respects. In this way,
even in the worst-case scenario, the use of the xylitol-triggered TES noticeably improves
the thermal stabilization of the cooking load.

In particular, considering that the lowest temperature necessary for cooking many
kinds of food is around 75 °C [52,53], the extension of the heating time provided by
the xylitol-triggered TES can allow us to cook different kinds of food by keeping the
temperature in the range 90-80 °C for a long time. Moreover, the system based on xyl-
itol is one of the few TESs that can be exploited in simple and low-cost solar cookers
that reach stagnation temperatures of about 100 °C (e.g., the solar cookers proposed by
Kesarwani et al. [54], Adewole et al. [55] and Saravanan and Janarathanan [56]).

5. Conclusions

In this paper, xylitol was studied as a heat storage material (HSM) for a portable
solar box cooker that has a concentration ratio of 4.08. The results obtained with two
configurations (with silicone oil only and with silicone oil and xylitol) were compared and
it was found that the average cooling time of the load in the range 110-80 °C was about
148% longer than that evaluated without the xylitol-based thermal energy storage (TES).

Although interesting, this result did not sufficiently counterbalance the increase in the
heating time given by the presence of the TES. This was due to a supercooling phenomenon
that occurs in xylitol, an issue that prevents the release of thermal energy stored in the
liquid phase of the substance. A manual device was therefore installed in the TES to allow
the activation of nucleation and crystallization by mixing. The use of the mixing device
allowed us to take full advantage of the latent heat of the solidification of xylitol, giving
the possibility to regard xylitol as an actual phase change material (PCM). Based on the
results of the analysis, the activation technique allowed us to further extend the cooling
period by an average 80%, a value that guaranteed an advantageous difference between
cooling and heating times.

Given the easy and low-cost nature of the mixing device, its use fits well with solar
box cookers meant for developing countries. Even if the device was found to be effective
for the system under study, it should be noted that a certain degree of supercooling is still
present and nucleation is not totally uniform in the substance. These issues could be solved
with a more sophisticated mixing device, or by lying to different activation systems such as
bubbling, which showed interesting results in a number of published papers.
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Nomenclature

Latin Symbols

A Area (m?)

C Concentration ratio

c Specific heat (k] / (kg K))

DNI Direct normal irradiance (W/m?)
F First figure of merit (°C/(W/m?))
F Second figure of merit

HR Heating rate (°C/min)
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m
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Greek Symbols
A

AH

U
K

o
Subscripts

a
amb
av

max
m

ref

s

trig
Acronyms
DIISM
DSC
HSM
PCM

SA

SC

TES

Mass (kg)
Temperature (°C)
Time (s)

Delta difference
Latent heat (J/g)
Thermal efficiency
Viscosity (Pas)
Density (kg/m?)

Absorber, aperture
Ambient
Average
Cooling
Characteristic
Fluid

Glass
Heating
Liquid
Maximum
Melting
Reference
Specific, solid
Triggering

Department of Industrial Engineering and Mathematical Sciences
Differential scanning calorimeter

Heat storage material
Phase change material

Sugar alcohol
Solar cooker

Thermal energy storage

Appendix A. Properties of PCMs Used in Solar Cooker Applications at
Low Temperature

Table A1 summarizes some of the main works that studied phase change materials
(PCMs) with melting point temperatures in the range from 80 to 110 °C for solar cooker
applications. From the table, it is possible to note that xylitol has one of the highest latent
heat of melting and, unlike other materials, does not have any safety issue.

Table Al. Summary of PCMs used in solar cooker applications at low temperature.

PCM Material Tm (°C) AHp, (J/g) Safety Features Solar Cooker Design Reference

Acetamide Organic 82 263 Probably flammable #  Direct solar stove integrated =~ Abu-Hamdeh and Alnefaie [57]
Toxic @ with fan and reflector

Acetamide Organic 82 263 Probably flammable #  Direct box-type SC Sharma et al. [58]
Toxic ?

Paraffin wax Paraffin 83 - Flammable Direct box-type SC Arabacigil et al. [59]
Non-toxic with 3 inner reflectors

Paraffin wax Paraffin 80 220 Flammable Indirect SC with parabolic Senthil [60]
Non-toxic dish collector

Paraffin wax Paraffin 100 140 Flammable Direct concentrating Lecuona et al. [14]
Non-toxic parabolic SC

HS 89 Salt hydrate ~ 88-89 180 - Direct box-type SC Bhandari et al. [61]

Magnesium nitrate Salt hydrate 89 134 Oxidizer ® Indirect SC with external Hussein et al. [62]

hexahydrate Irritant 2 solar collector

Magnesium nitrate Salt hydrate 89 163 Oxidizer ® Direct SC with two concentric Domanski et al. [52]

hexahydrate Irritant 2 cylindrical containers

Xylitol Organic 92 227 Non-flammable Direct box-type SC This work
Non-toxic

a2 Kim et al. [63].
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