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A B S T R A C T

In recent years, thermal energy storage (TES) has become a promising and popular technology for energy storage. 
Among the different technologies, this work focuses on latent heat thermal energy storage (LHTES) system, 
specifically it assesses the potential of xylitol as phase change material (PCM) in TES systems for low-medium 
temperature applications. Xylitol, a sugar alcohol with stable supercooling, has a high latent heat (240 J/g), 
high energy storage density (1.45 kg/l), and a melting temperature of 92 ◦C. However, stable supercooling and 
low crystallization rate limits its practical application. Therefore, a laboratory-scale prototype working in the 70- 
100 ◦C range has been proposed and experimentally characterised that uses a seeding and shearing technique to 
mitigate this supercooling and accelerate crystallization, thereby increasing the thermal energy discharge power. 
The study compares this lab-scale prototype with four leading commercial solutions in terms of both materials 
and systems. Moreover, the methodology developed in the framework of IEA SHC Task 58 for TES system 
comparison in terms of energy density and power is applied. The results show the xylitol prototype has higher 
normalized power values than other experimental systems analysed in the framework of IEA SHC Task 58, 
reaching energy densities of up to 40.8 kWh/m3 system-wise in an optimized configuration. The study concludes 
that stirred TES prototype with xylitol is a competitive alternative to current commercial solutions.

1. Introduction

In the path to decarbonising society, renewable energy sources play 
an important role in phasing out different energy sources that contribute 
to global warming and contamination of the planet, such as carbon. 
However, these renewable energy sources are highly dependent on 
climate, which desynchronizes generation and demand. As such, energy 
storage is needed to match generation and demand. Energy storage 
integration also increases the efficiency and reliability of the energy 
systems. Excess energy generated at one moment in time can be stored 
and used when it becomes necessary, which optimizes the system by 
reducing the need for oversizing capacity production and allowing for a 
more consistent operation.

Among the different energy storage technologies currently available, 
Thermal Energy Storage (TES) stands out as a suitable solution for ap
plications where heat and cold are required, as industrial processes and 

polygeneration systems [1], [2]. TES can also be coupled with tech
nologies, such as heat pumps, extending its role beyond purely thermal 
applications. TES technology is becoming increasingly important in the 
industry sector, although more solutions are becoming commercially 
available for residential use. TES systems can be divided into three main 
technologies: sensible heat, thermochemical and latent heat.

Although sensible heat is the most mature, its low energy density 
limits compactness [1], [2], [3]. Conversely, thermochemical storage 
offers high density but remains in a research stage [3], [4]. Latent heat 
thermal energy storage (LHTES), based on the phase change of a ma
terial, provides a favourable compromise by combining high energy 
density with the ability to store and release heat at nearly constant 
temperature, making it especially attractive for a wide range of thermal 
applications.

In LHTES systems, phase change materials (PCMs) such as paraffins, 
molten salts or sugar alcohols are used to store energy through solid
–liquid phase transitions [5], [6], [7]. Molten salts are widely 
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implemented in concentrated solar power plants, while other PCMs are 
used for residential, commercial and industrial uses, including HVAC 
systems and waste heat recovery [3], [5], [6]. The performance of 
LHTES systems depends not only on the thermophysical properties of the 
PCM, but also on operational conditions (inlet temperature, heat 
transfer fluid (HTF) flow rate) and system-specific characteristics such as 
geometry and size. Consequently, a methodology is required to allow a 
fair comparison between different storage concepts and scales.

Various studies have already addressed the characterisation PCM- 
based TES systems. Larrinaga et al. [8] studied a rectangular LHTES 
system with fourteen different aluminium plates, filled with RT60, at 
different mass flow rates and operating temperatures. Larrinaga et al. 
found that the operating temperatures affected the required time to fully 
charge and discharge the system, and used the temperature difference 
between the inlet and the interior of the system to analyse the change of 
the charging times of the system at the different operating conditions. 
Dolado et al. [9] characterised a PCM-air TES unit, both experientially 
and numerically. This work mainly uses the power versus time curves 
obtained from the simulation to observe the effects on power by 
changing different parameters, such as the PCM enthalpy or the phase 
change temperature.

More recently, Rinaldi et al. [10] used a theoretical model of a tank 
with an emulsion with PCM to be used in the study of a district heating 
system. This study compared several PCM emulsion tanks of different 
configurations with a water tank to be used as TES, showing the stored 
energy of the water tank and the hourly demand power curve. However, 
the effect of using the PCM emulsion tank was shown only in the hourly 
mass flow curve, and the thermal power curve was not explicitly shown. 
The experimental data for the PCM emulsion tank were taken from 
Delgado et al. [11], which shows the UA heat transfer coefficient data. 
Luo et al. [12] studied the performance of a molten salt tank with air as 
HTF for system discharge and electrical resistance for charging. This 
LHTES system is used to heat water through an air-water finned tube 
exchanger in discharge experiments conducted at constant power. This 
study showed the average power of the tests under different flow rates 
and compared other energy storage systems found in the literature. Yang 
et al. [13] studied the behavior of a cascade storage system using 
erythritol, another sugar alcohol different from xylitol, in one of the 

phases. This study shows the power curves in both constant and variable 
flow rate tests to maintain the outlet temperature above 60 ◦C.

In general, the characterisation of storage systems consists of 
obtaining both energy and power curves over time, at different oper
ating conditions. These studies, together with others found in the liter
ature ([11], [14], [15], [16]), highlight the difficulties to obtain 
different characterization parameters of LHTES systems, and the need 
for a standard methodology for evaluating energy density and power, in 
order to evaluate some systems compared to others, and propose more 
suitable TES system designs.

The work of König-Haagen et al. [17], following the previous study 
of Lazaro et al. [18], proposes a methodology that uses of normalized 
power and energy curves for comparing different storage systems. This 
work uses the work of IEA SHC Task 58/Annex 33 [17] and presents a 
comparison of 11 different systems.

In this context, the present study focused on a laboratory-scale 
LHTES system based on a stirred tank with an internal coil heat 
exchanger. This type of system is a robust and economical solution for 
energy storage. Along with this system, xylitol was chosen as the PCM. 
Xylitol is a sugar alcohol that has good characteristics for use as a storage 
material (high phase change enthalpy and high density [19], [20], [21], 
[22], [23], [24]). However, as shown in previous work and literature, 
xylitol also exhibits supercooling and low crystallization rate [21], [24], 
[25], [26]. A stirred tank allows for the simple incorporation of the 
seeding and shearing technique, which is used to activate and accelerate 
crystallization, thereby avoiding these drawbacks. Several studies have 
investigated the use of xylitol as a phase change material in thermal 
energy storage systems. Piquard et al. [27] studied xylitol in a bubbling 
system and demonstrated the viability of xylitol as a phase-change 
material despite the difficulty in inducing crystallization. In a subse
quent work [28], the same authors applied this approach to a 
shell-and-tube configuration, analyzing the evolution of stored energy 
and temperature during the crystallization process. Anish et al. [29] 
investigated a coil-equipped tank using xylitol. Interestingly, no specific 
strategy was implemented to trigger crystallization, allowing the ma
terial to remain in a metastable supercooled state, albeit at lower 
operating temperatures. In contrast, Navarro et al. [30] compared a 
bubbling system with a jacketed stirred tank. While power curves were 

Nomenclature

Variables and abbreviations
cpHTF Average specific heat of the HTF, in J/kg⋅K
EC Energy Capacity, in J
EDwith ins Energy Density of the insulated TES
EDno ins Energy density of the non-insulated TES
ΔhPCM Enthalpy difference of the PCM, in J/g
Δhsys Enthalpy difference of the TES system, in J/g
ΔT Temperature difference between the PCM and the ambient, 

in ◦C
HTF Heat Transfer Fluid
HVAC Heating, Ventilation and Air Conditioning
LHTES Latent Heat Thermal Energy Storage
ṁ Mass flow of the HTF, in kg/s
mPCM Mass of the PCM, in g
msys Mass of the TES system, in g
PCM Phase Change Material
SoC State of Charge
τ Torque of the mechanical stirrer, in N⋅m
Tamb Ambient temperature, in ◦C
tend end time of the experiment, in seconds
TES Thermal Energy Storage
Tinlet Inlet temperature of the HTF in the system, in ◦C

Toutlet Outlet temperature of the HTF in the system, in ◦C
Tref Reference temperature of the system, in ◦C
tstart Starting time of the experiment, in seconds
Tsys Average temperature of the system, in ◦C
Qnorm Normalized energy of the power, in Joules
Q̇ Instantaneous thermal power of the system, in Watts
Q̇int Instantaneous thermal power of the system, in Watts
Q̇loss Thermal losses of the system, in Watts
Q̇norm Normalized thermal power, in W/m3⋅K
Qnorm Normalized thermal energy, in J/m3⋅K

Q̇norm
energy Normalized mean value of the power, energy-based, in W/ 

(m3⋅K)

Q̇norm
time Normalized mean value of the power, time-based, in W/ 

(m3⋅K)
Q̇tot Heat difference between coil inlet and outlet, in Watts
UA Thermal losses heat transfer coefficient of the system, in 

W/K
V Sum of the volume of the PCM and HTF, in m3

Vtot Total volume of the TES system, in m3

Vno ins Volume of the TES system with no insulation, in m3

ω Stirring velocity of the mechanical stirrer, in rad/s
Ẇstir Mechanical power input from by the stirrer, in Watts
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reported for the bubbling configuration, no such analysis was provided 
for the stirred system.

The present work introduces a stirred tank equipped with an internal 
heat exchange coil, representing a novel configuration. This design is 
expected to enhance heat transfer performance through the combined 
effect of mechanical agitation and improved heat exchange efficiency 
associated with the internal coil, as opposed to conventional jacketed 
configurations.

The objective of this work is to characterise the performance of the 
lab-scale xylitol-based prototype to compare it with commercially 
available systems (in terms of energy density, thermal power or price) 
and those reported in the IEA SHC Task 58/Annex 33. The prototype is 
characterized using the methodology proposed by the IEA Task Group 
itself, which addresses the standardization of both instantaneous ther
mal power and average thermal power which was published in the paper 
by König-Haagen et al. [17], as well as the energy density defined in the 
IEA SHC Task 58/Annex 33 report [31]. To characterise the 
laboratory-scale prototype, tests are first carried out under different 
operating conditions at a constant inlet temperature.

2. Methodology

2.1. Lab-scale prototype characteristics

In this work, 99%purity xylitol from Thermo Scientific was used as 
PCM. Xylitol is a sugar alcohol with a phase change temperature of 92 ◦C 
and a phase change enthalpy of 240 J/g [21], [23], [32]. The seeding 
material to trigger crystallization were xylitol seeds, with a diameter of 
300-400 μm. These seeds are obtained by sieving chinks of fresh xylitol, 
directly from the Thermo Scientific batch.

The prototype designed for this study consists of a jacketed cylin
drical steel tank that integrates an internal coil and a mechanical 
agitation system. The main body has an internal diameter of 150 mm 
and an internal height of 230 mm. The thermal insulation is glass wool, 
with a thickness of 20 mm. With the glass wool as insulation, the height 
of the system is 290 mm, and an external diameter of 245 mm with the 
insulation and the jacket, so the external volume of the system is 0.0136 
m3 (13.6 L). Without insulation, the height of the system is reduced to 
270 mm, and the external diameter to 205 mm, corresponding to a 
volume of 8.91 L. The system was designed with a temperature control 
system to utilize the jacket, but ultimately only the coil was used for 
temperature control. However, the complete volume of the prototype 
with the jacket will used in some of the system characteristics that 

appear in the results section.
For heat exchange, an 11-turn copper coil made of 8 mm internal 

diameter pipe is used with a helical diameter of 110 mm. The system 
uses 2.5 kg of xylitol as PCM. Due to the stable supercooling of this sugar 
alcohol, the prototype incorporates a mechanical stirrer (IKA 60 control 
mechanical stirrer) to implement the shearing technique. This technique 
is used in the study by Delgado et al. [25], and in the previous work of 
the authors of this article [30]. The stirrer is positioned along the central 
axis of the tank. This configuration allows crystallization to be activated 
and promoted in a controlled manner during discharge. As xylitol pre
sents both supercooling and a low crystallization rate, a stirrer is added. 
This stirrer, in combination with a seeding technique, both activates and 
promotes crystallization on xylitol. However, the space of the stirrer was 
not considered for the calculation of the volume or the energy capacity. 
Seeding is performed through one of the upper holes of the tank.

The system's thermal management is carried out by means of a 
thermostatic bath (Julabo Corio CP 1001F) that circulates thermal oil 
(Julabo H10) through the coil as HTF. To monitor the process, two 4- 
wire Class B Pt100 sensors have been installed inside the tank to mea
sure the PCM temperature over the stirrer position and between the coil 
and the wall of the tank. Another two 4-wire Class B Pt100 sensors are 
placed at the coil inlet and outlet. These sensors have a measurement 
uncertainty of 0.21 ◦C. The HTF flow rate is measured by a Trigear 
TC008A2212100 positive displacement oval gear flowmeter with a 
±0.5% precision, thus allowing the instantaneous thermal power of the 
system to be calculated accurately. A Type-T thermocouple is used to 
measure ambient temperature, with an uncertainty of 0.5 ◦C. Fig. 1A
shows the body of the system, Fig. 1B shows a scheme of the tank, and 
Fig.1C shows the experimental set-up schematic.

The PCM used for this system is xylitol. Xylitol is a sugar alcohol, 
with a phase change temperature of 92 ◦C, a density of 1.45 g/cm3 and a 
phase change enthalpy of 240 kJ/kg [19], [21], which gives it an energy 
density of 97 kWh/m3. This prototype is not well optimized for a TES 
system, and improvements could be made to obtain higher energy 
density or thermal power.

2.2. Characterization of the laboratory-scale TES prototype

2.2.1. Discharge experiments
The discharge experiment was executed as follows: first, the xylitol is 

melted, maintaining an internal temperature of 1050C. It was then 
supercooled down to a stable supercooled state at the test temperature of 
850C. Once a steady state had been reached at that temperature, 12.5 mg 

Fig. 1. Laboratory-scale stirred tank TES prototype using xylitol as PCM, with an inlet for seeding. A) Photo of the body of the tank. B) Scheme of the tank, showing 
the body, the coil, the jacket and the stirrer. C) Experimental set-up Schematic.
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of seed was added and stirred at 500 rpm. These seeds are obtained by 
sieving xylitol chunks from Thermo Scientific at 99% purity; and had a 
diameter between 300 and 400 μm. The temperature was chosen as 
85 ◦C because it is low enough to allow rapid crystallization of xylitol 
without incurring significant energy loss [25], [30]. The stirring speed 
was selected as 500 rpm because it can accelerate crystallization [26], 
while the seed mass fraction was kept consistent with that used in the 
work of Delgado et al. [25].

Of these three operating conditions (initial temperature, seed 
quantity and stirring speed), temperature is expected to have the 
greatest influence on crystallization time, as seen in the literature [20], 
[26]; and on instantaneous thermal power, due to recalescence and the 
temperature difference between the inlet and the interior. It is expected 
that tests with greater supercooling will have a higher maximum ther
mal power, as recalescence will increase the interior temperature of 
xylitol to 92 0C, increasing the temperature difference between interior 
and inlet. However, supercooling causes part of the energy stored in the 
material to be used in recalescence, so greater supercooling means less 
energy discharged. Navarro et al. [30] argued that due to recalescence, 
part of the latent heat stored in xylitol is used to heat the supercooled 
liquid to the phase change temperature. They also argue that, once the 
phase change is complete, energy continues to be transferred from the 
solid to the HTF due to the difference in their temperatures. Therefore, 
the theoretical energy discharged is less than the latent heat of the 
system, because the specific heat of the solid is lower than the specific 
heat of the liquid.

Fig. 2 shows the temperature evolution of a supercooled system 
during the crystallization process. Initially, the temperature remains 
constant while the material stays in a metastable liquid state. Once 
crystallization is triggered, the release of latent heat leads to a rapid 
increase in temperature until it reaches the crystallization temperature. 
After complete solidification, the material, now fully solid, continues to 
release sensible heat, causing the system temperature to gradually 
decrease until thermal equilibrium with the surroundings is reached 
[30], [33], [34].

To calculate the instantaneous heat output, an energy balance is 
carried out for the system, as shown in equations (1)–(4). 

Q̇int = Q̇tot + Ẇstir − Q̇loss Eq. 1 

Q̇tot = ṁ ⋅ cpHTF⋅(Tinlet − Toutlet) Eq. 2 

Ẇstir = τ⋅ω Eq. 3 

Q̇loss = UA⋅ ΔT; where ΔT = Tsys − Tamb Eq. 4 

The total heat transfer rate Q̇tot [W], is calculated as the product 
between the mass flow rate ṁ [kg/s], the average specific heat of the 
HTF cpHTF [J/kg⋅K] and the temperature difference between the inlet 
Tinlet and the outlet Toutlet [◦C or K]. Ẇstir represents the mechanical power 
input from by the stirrer, calculated as the product of the torque τ [N⋅m] 
and the stirring velocity ω [rad/s]. Thermal losses, Q̇loss [W] are esti
mated using the overall heat losses coefficient UA [W/K], multiplied by 
the temperature difference between the average system temperature Tsys 

and the ambient temperature Tamb [◦C or K].
The UA coefficient is calculated under steady state conditions 

reached at the end the experiment. At this stage, no the heat is 
exchanged between the xylitol and the HTF. Therefore, the temperature 
difference between the inlet and outlet of the coil is attributed to the 
thermal losses and the mechanical work done by the stirrer due to 
friction with the solidified PCM.

2.2.2. Energy capacity and energy density of the system
The correct characterisation of the system uses both the energy 

storage capacity and the energy storage density of the system. The IEA 
SHC Task 58/Annex 33 proposes a definition for both the energy storage 
capacity and density In the final report of this Task [31], the stored 
energy capacity is proposed as the sum of the storage capacities of both 
the PCM and the mass of the system itself, defined according to Eq. (5). 

EC = mPCM⋅ΔhPCM + msys⋅Δhsys Eq. 5 

Where EC is the energy capacity of the system, mPCM is the mass of the 
PCM, msys is the mass of the system, and Δh is the enthalpy variation of 
all components and materials in the storage system determined over the 
operating temperature range. This characterisation takes into account 
the sensible heat storage of the system, not just the PCM, but the system 
material itself. A deep understanding of the thermophysical properties of 
the PCM, such as latent heat and specific heat, as well as the mass and 
heat capacity of the materials composing the system, is needed for an 
accurate estimation of stored energy; as all of these parameters intro
duce uncertainties into the energy balance. For instance, xylitol exhibits 
a latent heat in the range of 220–270 J/g [32], [35], [36], highlighting 
the variability reported in the literature. To address this issue, specific 
measurement procedures have been proposed within Task SHC42 
ECES29 to ensure a more reliable determination of latent heat and 
melting temperature. In addition, when sensible heat contributions are 
considered, accurate representation of the system temperatures becomes 
important. However, determining a representative average temperature 
is challenging due to temperature gradients within the system. Different 
components may operate at significantly different temperatures. For 
example, the insulation is typically at a lower temperature than the heat 
exchanger, which is in direct contact with the PCM. Similarly, when the 
PCM stores energy in the form of sensible heat, defining its exact average 
temperature is difficult, further contributing to uncertainty in the 
calculated stored energy.

For the purposes of this study, since the initial and final temperatures 
of the test are considered to be the same, the sensible heat stored in the 
system components is not taken into account. Although energy capacity 
should be reduced due to supercooling [30], this subcooling will not be 
taken into account in this study when calculating the energy capacity of 
the system.

On the other hand, characterising the system using energy density 
poses a certain problem when choosing the volume of the system. Ac

Fig. 2. Temperature evolution of the system in a crystallization experiment, 
provided by Omran and King [33].
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cording to the IEA SHC Task 58/Annex 33 work [31], both volumes with 
and without insulation can be used to characterise a storage system. 
Therefore, two different energy densities appear in this work, calculated 
according to Eq. (6) and Eq. (7). 

EDwith ins = EC /Vtot Eq. 6 

EDno ins = EC/Vno ins Eq. 7 

Where ED is the energy density, EC is the Energy capacity of the system, 
and V is the considerate volume, with and without insulation.

As mentioned in the previous section, the supercooling reduces the 
available energy due to the difference between the solid and liquid 
specific heats. Theoretically, the lab scale prototype uses 2.5 kg of 
xylitol, so it can store up to 600 kJ of energy, corresponding only for the 
latent heat stored energy. For the energy available at the supercooled 
state, the theoretical energy is calculated through Eq. (8): 

EC = m⋅
[
ΔhPCM − cliq

pxyl
⋅
(
Tmelt − Tsup

)
+ csol

pxyl
⋅
(
Tmelt − Tsup

)]
Eq. 8 

Where m is the mass of the PCM, ΔhPCM is the latent heat of the PCM, in 
kJ/kg, cliq

pxyl and csol
pxyl 

are the specific heats of the solid and liquid phases of 
the PCM, in kJ/kg⋅K, Tmelt is the melting point of the PCM and Tsup is the 
supercooling temperature.

2.2.3. Normalized thermal power
In TES systems, instantaneous power varies throughout the charging 

and discharging process, remaining consistently in a transient state. This 
complicates its characterization; while this instantaneous power can be 
determined by evaluating the mass flow rate of the heat transfer fluid 
(HTF) and the temperature differential (or temperature lift) between the 
inlet and outlet as it flows through the system's heat exchanger, its time- 
dependent evolution and magnitude depend on several parameters. 
These include the temperature difference between the HTF inlet and the 
material's phase change temperature, the system's State of Charge (SoC), 
and its specific size and geometry, among others. Thus, in the work of 
König-Haagen et al. [17], the difficulty of comparing different storage 
systems was discussed, given that both thermal power and energy 
depend on the operating conditions of the system, as well as its geometry 
and the materials it is made of. Normalizing the power with volume and 
temperature difference is proposed to assess the systems. In this article, 
normalized power is defined according to Eq. (9). This study also com
pares both the initial temperature of the system and the melting point of 
the PCM as the reference temperature. However, in this case only the 
initial temperature was considered. 

Q̇norm =
Q̇

V⋅
(
Tinlet − Tref

) Eq. 9 

Where Q̇norm is the normalized thermal power, Q̇ is the instantaneous 
thermal power of the system, V is calculated as the sum of the volume of 
the PCM and the volume of the HTF that flows inside the system, Tinlet is 
the inlet temperature of the HTF in the system, and Tref is the reference 
temperature of the system, which can be either the initial temperature of 
the system, or the melting point of the PCM. It is noted that, even though 
this work comes from the IEA SHC Task 58/Annex 33, the volume 
definition is different from the previous definitions, shown in Section 
2.2.2.

The mean normalized thermal power is also proposed by König- 
Haagen et al. [17]. This characterization of the system could allow to 
compare different TES systems with just one parameter, instead of 
comparing them using thermal power curves, allowing for a quick 
comparison. The calculation of the mean normalized power, time and 
energy based is shown in Eq. (10) and Eq. (11), respectively. 

Q̇norm
time =

∫ tend [s]
tstart [s] Q̇norm⋅dt

( − tstart)
Eq. 10 

Q̇norm
energy =

∫ tend
tstart

Q̇norm⋅Q̇norm dt
Qnorm

Eq. 11 

Where Q̇norm
time is the normalized mean value of the power, time-based; 

Q̇norm
energy is the normalized mean value of the power, energy-based; Q̇norm 

is the normalized instantaneous power of the system, Qnorm is the 
normalized energy, calculated as the integral of the instantaneous power 
of the system; tstart is the starting time of the experiment and tend is the 
finish time of the experiment. The end of the experiment is reached 
when 95% of the energy in the experiment has been exchanged.

2.3. Commercial systems

In this work, four different commercially available TES systems are 
chosen to be studied and compared to the lab-scale prototype described 
above and developed by the authors. The parameters for comparison are 
taken from product specifications available on their respective websites, 
as well as articles authored by the companies' founders or published 
research on these products, or through discussions with technical sup
port. These four commercial solutions are found in Sunamp, Cowa 
Thermal Solutions, kraftBoxx, and Cartesian [37], [38], [39], [40].

The comparison of commercially available solutions is conducted in 
two parts. First, the phase change materials used in each system are 
identified, and their properties are taken from either the websites or the 
literature. The properties considered for the comparison of the different 
PCMs include the type of material, melting point, phase change 
enthalpy, and energy density. The second part of this work studies the 
systems themselves. One system from each company is selected and 
compared to the lab-scale prototype. The systems are assessed based on 
working temperature, energy capacity, thermal power, energy losses, 
and price. Energy density is calculated by dividing the system's energy 
storage capacity by its external volume, taking into account the system's 
insulation.

3. Results

3.1. Lab-scale prototype

3.1.1. Prototype characterization
As mentioned in Section 2.1, The lab-scale prototype consists mainly 

of a jacket and coil stirred tank, even though only the coil is used for the 
study of the system; where the coil is submerged in 2.5 kg of xylitol. 
Table 1 shows the energy capacity and density of the lab-scale prototype 
and the optimized system, following the methodology proposed in sec
tion 2.2.2. Using Eq. (8) and considering 240 kJ/kg as the latent heat of 
xylitol, 2.6 and 1.4 the specific heat of the liquid and solid phases, and 
92 ◦C as the melting point, the theoretical energy available is 579 kJ. 
The experimental available power, calculated by integration of the 
discharged thermal power in section 3.1.3, shows good agreement with 
the theoretical value. For simplicity, this theoretical value is used 
through the next section as the available power. It should be noted that 

Table 1 
Characterization parameters of the lab scale prototype and the optimize TES 
system.

System EC 
[kWh]

VTot 

[l]
Vno ins 

[l]
EDwith ins 

[kWh/m3]
EDno_ins 

[kWh/m3]

Lab-scale 
prototype

0.16 13.60 8.91 11.82 18.04

Optimized 
prototype

0.29 7.08 4.43 40.83 65.25
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the proposed system requires an external component for proper opera
tion, which has not been included in the volume calculation; however, 
incorporating this component into a consistent volumetric definition 
remains challenging. As such, only the body of the tank is considered for 
the volume calculation. With a volume of 13.6 L, its energy capacity is 
11.82 kWh/m3. With no insulation, the volume is 8.91 L, and the energy 
density changes to 18.04 kwh/m3.

In an optimized configuration, the xylitol occupies the entire avail
able internal volume, corresponding to a mass of 4.5 kg. This optimized 
laboratory prototype does not use a jacket, so both its external diameter 
and height are reduced. With insulation and no jacket, the external 
diameter is reduced from 245 to 190 mm, while the height is reduced 
from 290 to 250 mm, resulting in a cylinder with a volume of 7.08 L.

Considering the supercooling to 85 ◦C, the energy available jumps to 
1042 kJ. Thus, the system's storage capacity would increase to 40.83 
kWh/m3. The external volume of the optimized laboratory scale proto
type is calculated as a cylinder with a diameter of 155 mm and a height 
of 235 mm, making the total volume 4.43 L and the energy density 
65.25 kWh/m3. For both cases, the energy density is higher if insulation 
is not taken into account. Due to the lack of data from some manufac
turers, the characterisation volume used for the comparison will be the 
total volume of the system, including insulation.

3.1.2. Temperature evolution
Fig. 3 shows the evolution of the average tank temperature for three 

different tests of the prototype. These tests were carried out in accor
dance with the methodology described in section 2.2.1, under the same 
conditions: an inlet temperature of 85 ◦C, a stirring speed of 500 rpm 
and a seed quantity of 12.5 mg.

Fig. 3A shows the complete temperature evolution of the three ex
periments, while Fig. 3B focuses on the beginning of the test. As 
observed in Fig. 3B, in contrast with Fig. 2, where the initial temperature 
of the experiment remains constant, an initial temperature drop occurs 
at the start of the experiment. This behaviour is attributed to the initial 
lack of thermal homogeneity within the tank. As agitation starts, tem
perature gradients are reduced, leading to a transient decrease in the 
measured temperature. However, before the system temperature rea
ches equilibrium, a more pronounced temperature increase is observed, 
associated with the recalescence phenomenon, which increases the 
material temperature due to the release of latent heat. As in Fig. 2, once 
the crystallization temperature is reached, the temperature remains 
nearly constant until the end of the phase change. After complete so
lidification, the xylitol, now in solid form, gradually cools down until the 
system returns to steady-state conditions.

3.1.3. Discharging thermal power
Three different test repetitions of the lab-scale prototype are shown 

Fig. 3. Temperature evolution of the system. A) Temperature evaluation through the system. B) Temperature evolution at the start of the experiment.

Fig. 4. Discharged power of the lab-scale prototype. A) Discharged power vs. Relative Time. B) Discharged power vs. Relative Energy.
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in Fig. 4. As mentioned in section 2.2.1, these tests were conducted 
under the same operating and initial conditions: the inlet temperature of 
the test was 85 0C, the stirring velocity was 500 rpm, and the seed mass 
used to activate crystallization was 12.5 mg. The prototype was tested 
following the methodology on Section 2.2.1.

Fig. 4 shows the immediate power against relative time (A) and 
against relative energy (B), taking as a reference the moment when 95% 
of the energy has been discharged. The use of relative time and relative 
energy to show power results was taken from the literature [17], [41]. 
This method to present the data is maintained through this work. The 
discharged power increases at the beginning of the test and then de
creases as the test progresses. The initial increase in power up to the 
peak is due to recalescence, which causes the internal temperature to 
rise to the phase change temperature (92 0C). This increase in internal 
temperature also causes the outlet temperature of the coil to rise, which 
translates into an increase in thermal power.

A sharp drop in power to negative values can also be observed, which 
quickly changes to positive power and towards the maximum power. 
These negative values make the energy negative at the start of the test, 
causing the power curve in graph B of Fig. 4 to initially shift to the left. It 
is noted that there is no temperature uniformity in the prototype, as 
there is a deviation in the temperature of the xylitol in the centre of the 
system and the xylitol near the wall. This non-homogeneity is reduced 
when agitation begins, causing a drop in the outlet temperature of the 
system. These negative values are also associated with a poor repre
sentation of thermal losses, which may drop the initial power values 
even lower.

3.1.4. Normalized discharging thermal power
The normalisation of the instantaneous power curves in section 3.1.3

is obtained by following the methodology in section 2.2.3. The volume 
used is 0.00192 m3, and the internal temperature is calculated as the 
average of the probe temperatures. The result of this normalisation is 
shown in Fig. 5.

It can be seen in the normalisation that the behaviour of the curves is 
very similar, where the same initial drop is observed, followed by 
growth to the maximum power value. However, a difference can be 
observed after the maximum power is obtained. This part of the exper
iment has a linear behaviour in the time-based normalized power 
curves, which is not observed in the energy based normalized power 
curves. This same behaviour is seen in the instantaneous power curves. A 
difference between instantaneous (Fig. 4) and normalized maximum 
power (Fig. 5) is also shown. While the peaks of the instantaneous power 
curves are very close in value, there is a deviation in the value of the 

peaks of the normalized power. This difference is explained using the 
average system initial temperature in the normalisation. Due to the 
design of the tank, which produces temperature inhomogeneities, a 
small difference may appear between the initial temperatures of the 
system among the different experiments. This difference is translated to 
the normalized power curve, causing the curve to shift up or down. If the 
melting temperature had been taken as the reference temperature, as the 
methodology in Könnig-Haagen et al. study [17] suggests, this phe
nomenon would not have been observed. These characteristics are 
shown in Section 3.1.5. The validation of the instantaneous thermal 
power come from the discharged energy calculation, which is less than 
10% through all the three experiments.

Table 2 shows the normalized energy according to time and energy 
for the three experiments. This table shows the normalized average 
power of the tests, calculated using the methodology described in the 
previous section, seen in both Eq. (10) and Eq. (11). The difference 
between the tests can be observed, mainly due to the difference observed 
in the power curves, as these values represent the average power of these 
curves. On the other hand, it can also be seen that there are differences 
between normalisation based on time and energy. This difference is to be 
expected, since the average is calculated based on two different pa
rameters. The normalisation of the average according to time considers 
the duration of the discharge process, and the normalisation of the 
average according to energy takes into account the energy discharged.

3.1.5. Normalized discharge power. Melting temperature vs average initial 
temperature

As mentioned in the previous section, Eq. (9) uses a reference tem
perature to perform normalisation. This reference temperature can be 
either the melting temperature or the initial temperature of the system. 
König-Haagen et al. [17] already describe the differences between tak
ing one temperature or the other as a reference. For example, one 
advantage of taking the initial temperature rather than the melting 
temperature is that it considers the boundary conditions in normal
isation. However, obtaining this temperature can be complicated, which 

Fig. 5. Normalized discharged power of the lab-scale prototype. A) Normalized Power vs relative time. B) Normalized Power vs Relative energy.

Table 2 
Normalized mean power of the three experiments.

Experiment Normalized power mean value [kW/m3⋅K]

Time-based (Q̇normtime ) Energy-based (Q̇normenergy)

1 3231.98 4889.09
2 2183.59 3706.59
3 1684.68 2812.83
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may result in incorrect normalisation. Fig. 6 shows the difference be
tween the two temperatures. It can be seen that the peak normalized 
power using the initial temperature of the system is higher than the peak 
obtained using the phase change temperature, because the difference 
between the inlet temperature (85 ◦C) and the melting temperature 
(92 ◦C) is greater than the difference between the inlet temperature and 
the average internal temperature (80, 78 and 77 ◦C, respectively to 
experiment 1, 2 and 3). This difference in average temperatures causes a 
greater difference between the peaks of tests carried out under the same 
conditions than when using the melting temperature as a reference. This 
is why the normalized power curves using the melting temperature as a 
reference are more similar to the instantaneous power curves seen in 
section 3.1.3.

3.2. IEA SHC Task 58/Annex 33 prototypes

Some of the prototypes used in IEA SHC Task 58/Annex 33 [17] have 
been selected for the use of normalized power as a methodology for 
comparing TES systems. Of the eleven different systems proposed, 
numbers one, four, six and eleven are chosen; but setup number six is 
only shown in the normalized power vs relative energy plot, as no in
formation of it was found on the normalized power vs relative time plot 
in the König-Haagen et al. [17] study. Setup number eight was not 

considered despite showing the highest peak of all the systems presented 
in the article, showing more than double the power of the next one, 
setup number 4. Only the curves of the systems whose peaks are close to 
those of the laboratory prototype have been taken. Setups four, six, one, 
and eleven, taken for the comparison, have the highest power peaks of 
all the other prototypes, ruling out setup eight.

Setup number one consists of a cuboid with 72 aluminium capsules 
filled with magnesium chloride hexahydrate, 250 mm long and 40 mm 
in diameter [15]. Setup number four consists of a rectangular box 
measuring 38.75 × 33.7 × 17.75 cm, with 1, 2 or 3 copper coils, filled 
with dodecanoic acid [42]. Setup number six consists of a cylindrical 
water tank with a diameter of 0.4 m, with 112 tubes with a diameter of 
0.0276 m and a height of 1.52 m, with a composite inside acting as a 
PCM [43]. Finally, setup number eleven consists of a 1 m3 tank with 
hydrated salt and a polypropylene heat exchanger [17].

3.2.1. Normalized thermal power comparison
Fig. 7 shows a comparison between the different IEA SHC Task 58/ 

Annex 33 storage systems [17] and the laboratory prototype.
It can be observed that the maximum normalized power of the lab

oratory prototype tests is higher than that of setups one, six, and eleven. 
Setup number four shows a higher power peak, but a very sharp drop in 
power is also observed in Fig. 7A. This peak is obtained before the other 
setups reach it in the power vs relative time plot, but Fig. 7B shows that 
the peak of the setup number four is achieved near the same relative 
discharged energy as the other setups. It can also be seen that the 
different IEA SHC Task 58/Annex 33 setups do not start at negative 
powers or energies, highlighting the need for a better method for 

Fig. 6. Normalized discharged power using melting point and average initial 
temperature for the normalisation procedure.

Fig. 7. Normalized discharged power of the lab-scale prototype and the selected setups from the IEA SHC Task 58/Annex 33. A) Normalized discharged power vs. 
relative time. B) Normalized discharged power vs. relative energy.

Table 3 
Energy capacity, volume, temperature range and system energy density of the 
studied system and the setups characterized in the Task.a System where only the 
latent heat is accounted for.

System Energy 
capacity 
[kWh]

Total 
Volume[l]

Temperature 
range [K]

Energy 
density 
[kWh/m3]

Lab-scale 
prototypea

0.16 13.60 0 11.82

Optimized 
prototypea

0.29 7.08 0 40.83

Task Setup 1 4.56 152 30 30
Task Setup 4 0.78 23.1 21 33.6
Task Setup 6a 6.60 282 0 23.64
Task Setup 6 13.89 282 62 46.38
Task Setup 11 14 [44] 1540 0 9.72
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calculating system losses. On the other hand, both graphs show that, 
once the peak power has passed, the prototype system shows the highest 
normalized power values.

3.2.2. Energy density comparison
Table 3 summarizes the energy densities of the different systems 

analysed within the IEA SHC Task 58/Annex 33 framework, together 
with those of the laboratory prototype. Due to the experimental condi
tions applied in this work (constant inlet temperature), no net sensible 
energy is stored in the system, as the initial and final temperatures are 
assumed to be equal. The table also reports the system volumes, stored 
energy, and operating temperature ranges of the different setups, using 
the volumes provided by König-Haagen et al. [17].

For Setup 1, the reported energy density is 30 kWh/m3 with a total 
volume of 152 L, resulting in a storage capacity of 4.56 kWh [31]. In the 
case of Setup 4, the reported energy density (56.6 kWh/m3) is based on 
the PCM volume (0.01373 m3). When recalculated using the total system 
volume derived from the geometric data provided by König-Haagen 
et al. [17], the energy density decreases to 33.6 kWh/m3, which is 
consistent with the range observed in other systems. The corresponding 
storage capacity is 0.78 kWh.

For Setup 6a, only long-term storage is considered, assuming that all 
stored energy corresponds to latent heat, resulting in 24 MJ (6.6 kWh). 
In contrast, Setup 6 includes both latent and sensible heat contributions, 
showing an energy density of 46.38 kWh/m3 and a total storage capacity 
of 50 MJ (13.89 kWh). An optimized version of Setup 6 is also reported, 
with an energy density of 72.22 kWh/m3 for a temperature difference of 
62 K. However, when considering only the latent heat contribution, the 
energy density decreases to 25.86 kWh/m3. This value is calculated 
based on the reported total stored energy (81 MJ) and energy density 
(260 MJ/m3) of the optimized configuration, corresponding to a system 
volume of approximately 311 L, with a latent energy contribution of 29 
MJ (8.05 kWh). Setup 6a is particularly relevant for comparison with the 
present work, as it also relies on a supercooled PCM. When considering 
only latent heat storage, Setup 6 exhibits a higher energy density than 
the laboratory prototype. However, the optimized configuration of the 
prototype proposed in this study achieves higher energy densities, 
mainly due to the increased PCM fraction and the reduction of non- 
active system volume, such as the removal of the jacket, unused in the 
tests.

Finally, Setup 11 does not appear in the IEA SHC Task 58/Annex 33 
report [31], but it is described by König-Haagen et al. [17]. According to 
Rathgeber et al. [44], the latent heat storage capacity is 14 kWh. Using 
the system volume reported in König-Haagen et al. [17], this corre
sponds to an energy density of 9.72 kWh/m3, the lowest among the 
analysed systems. It should be noted that this value does not account for 
sensible heat storage, which could increase its effective energy density 
and bring it closer to the values reported for Setups 1 and 4.

As expected, energy density is highly dependent on the system's 
initial and final operating temperatures, even in configurations where 
the latent heat is the dominant storage mechanism. It is therefore 
important to clearly define both the temperature range in which the 
system operates and whether the available energy refers to the latent 
heat of the PCM or the sensible heat of the PCM and the system.

3.3. Thermal energy storage commercial systems

As discussed in the methodology section, four different commercially 
available systems are compared to a lab-scale prototype, developed by 
the authors of the present study. The methodology used to compare 
storage systems according to the König-Haagen et al. work [17] requires 
instantaneous power curves, as well as the initial internal temperature 
and the volume of the PCM and HTF, in order to normalize the power 
curve and fairly compare different TES systems. However, comparison 
with commercial systems is complicated, as the data required for this 
comparison (power curves, volume, inlet and initial temperatures) has 

not been provided. The comparison between systems will be made 
mainly on the basis of energy density and cost per unit of stored energy. 
However, the reference data for calculating the stored energy or volume 
is not always explicitly stated in the system data sheet.

The laboratory-scale prototype is not well optimized for a TES sys
tem, and improvements could be made in energy density or thermal 
power, such as improved coil design or filling the tank completely. As 
mentioned in Section 3.1.1, the optimized lab-scale prototype could 
store 0.3 kWh of energy in a system of 7.08 L, so the energy density of 
the optimized system is 40.83 kWh.

3.3.1. Sunamp
Sunamp [37] is a company located in East Lothian, Scotland, and has 

been active since 2005. Sunamp specializes mainly on hot water systems 
for residential applications. The company has developed two primary 
product lines: the Thermino ePlus series and the Thermino xPlus series, 
both designed for hot water production. The Thermino ePlus only allows 
for electrical connection, both from the grid and distributed generation. 
The Thermino xPlus also allows for the connection of a heat pump and a 
conventional boiler. Additionally, Sunamp is currently developing the 
Central Bank system, which can work for both hot water and heating 
applications. For the comparison, only the Thermino xPlus series is 
considered.

The Thermino 150xPlus model, shown in Fig. 8, weights 136 kg and 
its dimensions are 0.365m width x 0.575m depth x 0.64m height, with a 
total volume of 0.134 m3. The draw-off volume (V40) is 167 l. Assuming 
a temperature difference of 30 K (from 40 ◦C to 10 ◦C), the energy 
available is 5.81 kWh. As the volume is 0.134 m3 and the available 
energy is 5.81 kWh, the energy density is 43.35 kWh/m3. The recom
mended working temperature is 45-55 ◦C, and a flow rate of 15 l/min. Its 
thermal losses are 0.67 kWh/24 h, or 28.1 W. The system costs 1950€ 
[45], making the price per unit of energy 335€/kWh.

Plentigrade serves as the phase change material used in the thermal 
energy system. To improve the performance and prevent phase segre
gation, sodium acetate trihydrate is mixed with Na-PMAA polymer (to 
prevent phase segregation), and Na2HPO4-2H2O salt to activate 

Fig. 8. Sunamp Thermino 150 Xplus [37], [45].
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crystallization [46]. Different melting points (−30 ◦C, 5 ◦C, 58 ◦C, 
118 ◦C) are available for the different storage systems. Sodium acetate 
trihydrate has a phase change enthalpy of 264 J/g, and a density of 
1530 kg/m3, resulting in an energy density of 112 kWh/m3 [47], [48].

Using the latent heat of 264 kJ/kg, the energy available of 5.81 kWh, 
and all the energy stored is due to the phase change of the Plentigrade, 
the total mass of the Plentigrade used is 79.2 kg; making the pipes, 
insulation and other components a total of 56.8 kg.

3.3.2. Cowa Thermal Solutions
Cowa [38] is a spin-off of the University of Lucerne, specialising in 

domestic hot water and heating solutions. The storage system works 
with an external heat pump. The heat is generated by this heat pump, 
which they also supply.

The Compact cell 58, which can function as a buffer system or as a 
domestic hot water cylinder, is the system selected for this work. Cowa 
also offers the Compact Cell 48/58 combi, which integrates a domestic 
hot water and heating buffer cylinder in a compact solution, shown in 
Fig. 9B.

The Compact Cell 58 wt 250 kg, and its dimensions are 0.6m width x 
0.34m depth x 1.4m height, making a total volume of 0.285 m3 (285 l). 
The draw-off volume (V40) is 380 l, which, assuming a temperature 
difference of 30 K, translates to an available energy of 13.23 kWh, very 
similar to the storage capacity indicated in the data sheet. As the storage 
capacity is 13.23 kWh, and the total volume is 0.285 m3, the energy 
density of the system is 46.42 kWh/m3. This energy density is lower than 
75 kWh/m3, the energy density specified in the data sheet.

The Compact Cell 58 system uses the Cowa 58 PCM, a salt hydrate- 
based phase change material. Its enthalpy is 260 kJ/kg, and its density 
is 1460 kg/m3. Its energy density is 107 kWh/m3. The PCM is encap
sulated in a plastic container, as shown in Fig. 9A.

Using the phase change enthalpy of 260 J/g, and all the energy 
stored is due to the phase change of the Cowa 58PCM, the mass of the 
PCM in the system is 183.2 kg, making the pipes, insulation and other 
components a total of 66.8 kg. The working temperature of the system is 
48-58 ◦C, and the thermal power goes up to 20 kW. The possible water 
flow is 25 l/min. The price of the system is 4500€.

3.3.3. Kraftboxx
Kraftboxx [39] is a German company that supplies both the kraft

Boxx and heatBoxx products. Both systems use macro-encapsulation 

within a tank for energy storage, specifically the heatSel and heat
StixxL, found in Fig. 10B. The system selected for this work is the 
krafftBoxx product.

The energy storage capacity and phase change characteristics are 
dependent on the selected phase change material. Although different 
PCMs are available for this application, the system characteristics data 
provided by the supplier corresponds to characteristics of the system 
using the ATS 50, a PCM with a phase change temperature of 50 ◦C and a 
phase change enthalpy of 230 kJ/kg, corresponding to an energy density 
of 39 kWh/m3 when it is encapsulated inside the heatStixxL.

For the case of the Kraftboxx 1000, the used macroencapsulated is 
only the heatStixxL. This system has a diameter of 0.79 m and a height of 
2.044 m, which translates to a volume of 1.001 m3. The insulation used 

Fig. 9. Cowa Thermal solution technology. A) Macroencapsulated PCM [49]. B) Cowa Compact Cell 58 [38].

Fig. 10. Kraftboxx TES system. A) Scheme of the different applications of the 
systems. B) Kraftboxx system with of the HeatStixx and HeatSel macro
encapsulation [39].
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has a thickness of 10 cm. However, it is not specified if the insulation is 
included in the diameter of the system or not. If it is not included in the 
diameter of the system, the total volume changes to 1.573 m3.

The energy capacity is reported as 42 kWh for the 1000 l configu
ration. Each heatStixxL has a diameter of 0.035m and a length of 0.26m, 
so each heatStixxL has a volume of 0.00025 m3. The number of Heat
StixxL for each tank is 900, so the energy available should be 19.56 kWh 
(900 pieces ⋅ 0.00025m3/piece ⋅ 42 kWh/m3), much lower than the 42 
kWh reported. Using the phase change enthalpy of the ATS50 (313 kJ/l), 
assuming all volume is PCM; and 2000 pieces per tank, as stated by the 
heatStixxL datasheet of 200 pieces per 100 l, the total energy stored is 
43.47 kWh (2000 pieces ⋅ 0.25L/piece ⋅ 313 kJ/L), the energy capacity 
reported in the krafftBoxx datasheet.

The system's load is directly supplied by an external hot water 
source, like a heat pump or a water boiler. Fig. 10A shows the scheme of 
the Krafftbox product. The tank price is 2660€, and each heatStixxL cost 
4.49€. If the heatStixxL is included, the price of the system (tank + PCM) 
is 6701€ (900 pieces) or 11640€ (2000 pieces).

3.3.4. Cartesian
Cartesian is a Norwegian company that uses phase change materials 

for energy storage. The company specifies that it can work with a very 
wide temperature range, by adapting the material, from −20 to 120 ◦C. 
Their system incorporates a customized coiled heat exchanger, shown in 
Fig. 11B.

The product offered, known as the Thermal Box (Fig. 11A), can store 
up to 75 kWh of energy, with dimensions measuring 1.4 m × 1.0 m x 2.0 

m (volume of 2.8 m3) with insulation, resulting in an energy density of 
26.78 kWh/m3. The thermal power of this system goes from 5 to 20 kW, 
and the working temperature of the system ranges from 60 to 80 0C for 
the heating system. Additionally, they have developed a procedure to 
check the state of charge of the material by using a wave property. The 
thermal losses of the system are reported to be 1%/24 h, and the 
maximum heat transfer fluid flow rate is 6 m3/h.

A bio-based wax is used as PCM in this system. This wax has a phase 
change temperature of 74 0C, but no more data on this PCM was found.

3.3.5. Comparison of the energy storage material and system
The comparison is two-fold. Table 4 shows the comparison between 

the materials used in the systems, and Table 4 shows the comparison 
between the systems themselves. As not all the information is available, 
some cells of the table are left as blanks. Since it has not been possible to 
access the power curve data for the systems, the comparison between the 
prototype system and commercial systems is not made using the meth
odology shown in Section 2.2.3, but other parameters will be used for 
this comparison. As commercial systems do provide data on the energy 
density of the system, this variable will be considered for comparison 
purposes. In the case of the laboratory prototype, the IEA SHC Task 58/ 
Annex 33 definition for system energy density will be used, taking the 
total volume of the system, including insulation, as the volume for the 
energy density calculation (Eq. (6)).

For the comparison of systems in Table 3, both the laboratory pro
totype system and an optimized laboratory prototype system are 
compared with a theoretical commercial system, calculated using 
commercial prices. As mentioned at the beginning of section 3.3, the 
optimized laboratory prototype has a volume of 7.08 L and can store 0.3 
kWh of energy, giving it an energy density of 40.8 kWh/m3. Using 
commercial prices, the cost of this system is close to 500€, making its 
cost per unit of energy around 1500€/kWh. On the other hand, for the 
theoretical commercial system, a commercial tank with a 750l internal 
volume (1.4 m3 external volume) with one coil, filled entirely with 
xylitol, has been assumed. This storage system could store around 69.5 
kWh, giving it an energy density of 49.2 kWh/m3. Furthermore, its price 
is estimated to be close to 15000€, so the cost per unit of energy is 
estimated at 216€/kWh.

Table 4 shows that xylitol is a very promising material. Its energy 
density is similar to the Plentigrade and the Cowa 58PCM, but the 
melting point is higher than the intended melting point of these two 
materials (92 ◦C vs 58 ◦C). However, the melting point of 92 ◦C can work 
correctly with both domestic hot water and heating applications. 
Additionally, xylitol does not suffer from phase segregation, but it does 
suffer from supercooling and a low crystallization rate, which is why a 

Fig. 11. Cartesian TES system. A) Commercial system B) Picture of the heat exchanger used in the energy storage system [40], [50], [51].

Table 4 
Comparison between xylitol and different commercial PCMs.

Material Company Type Melting 
Temperature 
[◦C]

Energy 
density 
[kWh/ 
m3]

Enthalpy 
[kJ/kg]

Xylitol University 
of 
Zaragoza

Sugar 
Alcohol

92 97 240

Plentigrade Sunamp Hydrated 
salt

58 112 260

ATS 50 Krafftboxx Inorganic 
(not 
specified)

50 82 228

Cowa PCM 
58

Cowa Hydrated 
salt

58 136 260

Cartesian 
PCM

Cartesian Biobased 
Wax

74 — —
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stirrer with seeding is needed.
Plentigrade and Cowa 58PCM shows very similar characteristics, 

while the ATS50 show lower energy density than both of them and 
xylitol. All the commercially available materials are inorganic materials, 
while xylitol is an organic material.

Table 5 shows the comparison between the systems. The lowest en
ergy capacity per unit of volume is shown in the Cartesian Thermal Box 
product. Surprisingly, the kraftBoxx product show a high energy ca
pacity, even though the material used has a lower energy density than 
the material used in the Thermino xPlus or the Cowa Compact Cell 58. 
The lab scale prototype shows four times less energy density, as it has 
not been optimized. The optimized stirred tank is cheaper than the 
actual tank, and it shows a similar energy density than the commercial 
systems.

4. Conclusions

The main objective of this work is the benchmarking of a xylitol- 
based TES prototype to different TES solutions that can operate under 
similar temperature and power conditions. To do so, this study evaluates 
the potential of a xylitol-based TES prototype, with the shearing and 
seeding technique to promote the thermal energy discharge, with an 
internal helical coil as heat exchanger. This evaluation has been made 
according to the characterization methodology proposed by the IEA SHC 
Task 58/Annex 33, in terms of energy density and thermal power. The 
energy density of the lab scale prototype is 11.85 kWh/m3 taking into 
account the insulation and 18.04 kWh/m3 for the no insulation case.

Regarding the normalized thermal power, the prototype behaves 
similarly to the IEA SHC Task 58/Annex 33 prototypes. Its thermal 
power is higher than that of the other selected prototypes throughout the 
tests, although one of the setups shows a higher peak power than the 
prototype in this study. However, this setup shows a very sharp drop in 
thermal power, which causes the xylitol-based prototype to become the 
TES system with the highest normalized thermal power through the rest 
of the experiment.

To assess its competitiveness, it has been compared to current com
mercial solutions. These commercial solutions include the Cowa 
compact cell 58, the Sunamp Thermino 150XPlus and the KrafftBoxx 
1000L. All three show very similar energy densities and price per unit of 
energy, even though the energy capacity is different between them. The 
Cartesian Thermal box shows the lowest energy density while being the 
largest TES system. It should be noted that these commercial solutions 
cannot be fully evaluated according to the methodology because there is 
no standardisation of the parameters and information provided by the 
systems.

In contrast, the current prototype reached a lower energy density 
than the commercial solutions. The difference is primarily attributed to 
its non-optimized design of the laboratory prototype. The analysis of an 

optimized system configuration, where xylitol occupies the entire 
available internal volume and only the coil is used as a temperature 
control system, projects an energy density of up to 40.8 kWh/m3. This 
value positions xylitol-based technology within the same performance 
range as market solutions, confirming its high potential for medium-low 
temperature applications. A theoretical commercial stirred tank system 
with xylitol could be compared to commercial storage systems, having a 
higher energy density (49.2 kWh/m3) and lower cost per unit of energy.

Finally, a highlight of this work is the identification of a gap between 
academic methodologies and industrial practices in the characterization 
of thermal energy storage systems. While standardized frameworks are 
already found in literature, such as those proposed by the IEA SHC Task 
58, their practical application to commercially available systems remain 
limited due to the lack of sufficiently detailed and transparent data. This 
mismatch hinders fair benchmarking and may lead to misleading com
parisons between laboratory-scale prototypes and industrial solutions.
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Table 5 
Comparison between lab scale prototype and commercially available solutions.

System Company Material Working 
temperature [◦C]

Energy density 
[kWh/m3]

System Energy 
capacity [kWh]

Volume 
[L]

Thermal 
Power [kW]

Energy 
losses

Price 
[€/kWh]

Stirred Tank University of 
Zaragoza

Xylitol 70-100 11.85 0.16 13.6 — — 16875

Optimized 
Stirred Tank

University of 
Zaragoza

Xylitol 70-100 40.83 0.29 7.08 — — 1500

Theoretical 
commercial 
tank

University of 
Zaragoza

Xylitol 70-100 49.2 69.5 750 — — 216

Termino 150xPlus Sunamp Plentigrade 45-55 43.35 5.81 134 — 0.67 
kWh/24 h

335

Cowa Compact 
cell 58

Cowa Cowa 58 PCM 55 46.42 13.23 285 20 — 340

Kraftboxx 1000 Krafftboxx HeatSel with 
ATS50

50 42 42 1000 — — 330

Thermal Box Cartesian Bio-based wax 60-80 27 75 2800 20 1%/24 h —
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