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Executive Summary 

This Deliverable aims to document the charging and discharging cycles of the Thermal Energy Storage 
System (TES) designed for the ASTEP concept.  

Previous to the TES simulations it is necessary to perform a validation of the computational fluid 
dynamics (CFD) model 1. The validation target is to develop a model able to replicate the phase change 
material’s (PCM) behaviour, since it is in this material where the energy collected from the sun is stored 
for later applications. The Deliverable presents the validation work carried out and the corresponding 
results, where a favourable validation is obtained. 

Once the CFD model is validated, simulations of a set of charging and discharging cycles with different 
operating conditions are performed. The final Y-insert design is used for the analysis. The PCM 
transition from solid to liquid phase during charging and from liquid to solid phase during discharge is 
studied, together with the temperature distribution, and the buoyancy effects inside the TES when the 
PCM is melted.  
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Glossary of terms and abbreviations 

Acronyms 
ASTEP 
AMTP 

Application of Solar Thermal Energy to Processes 
ArcelorMittal Tubular Products 

CFD Computational Fluid Dynamics 
DoA Description of Action 
GA Grant Agreement 
HTF 
MAN 

Heat Transfer Fluid 
Mandrekas 

PCM 
PWR 
SHIP 

Phase Change Material 
Politechnika Wroclawska 
Solar Heat for Industrial Processes 

TES Thermal Energy Storage 
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1. Introduction 

As described in the Grant Agreement (GA) [1], ASTEP project creates an innovative Solar Heat to 
Industrial Processes (SHIP) concept. The proposed solution is based on modular and flexible integration 
of two innovative designs: one for the solar collector, namely the SunDial; and the other for the 
Thermal Energy Storage (TES); both integrated via a control system allowing flexible operation and 
continuous service.  

The Thermal Energy Storage is one of the 3 critical elements (SunDial, TES, and the respective control 
system) of the ASTEP concept. Therefore, the TES needs to be analyzed for the expected operational 
conditions that the systems will operate in both Industrial Sites. The first one belongs to ArcelorMittal 
Tubular Products (AMTP), with a heating demand above 220 °C for preheating tubes at factory located 
at a latitude of 47.1 N (Iasi, Romania). The second site is the dairy company Mandrekas (MAN), located 
at a latitude of 37.93 N (Corinth, Greece) with a heating demand for steam at 175 °C and a cooling 
demand at 5 °C. 

This deliverable describes the design process of the TES inserts, initially honeycomb insert which are 
substituted by Y-inserts. Then, the deliverable describes the expected operational performance of the 
TES, using a unitary section of the whole module, for 2 operational conditions: 

• Scenario 1:  
o TES Charging 
o TES Discharging 

• Scenario 2: 
o TES Charging 

The previous scenarios provide the expected performance of the TES for two potential scenarios. 
Additional, operational scenarios will be tested during WP6 to cover additional operational scenarios. 

1.1. Mapping ASTEP Outputs 

Table 1. Adherence to ASTEP’s GA Deliverable & Tasks Descriptions. 

TASKS 

Task 4.2 ‘Modelling, CFD Simulation, and 
Optimization’ 

Section 2 

This task is aimed at selecting the thermal 
conductivity enhancement method in the shell 
of the energy storage system. This will be 
followed by selecting the dimensions and 
distribution pattern of the selected method(s). It 
is possible that two methods will be selected, as 
heat storage media operating at two different 
temperatures are needed for the two 
prototypes. Likewise, the modelling of the 
energy charging and discharging cycles under 
solar irradiance coupling conditions will be 
performed.  
Optimization routines will be considered for 
defining insert design that minimizes the metal 
weight yielding the best charging and 
discharging velocities. Some restrictions, like the 
shape of the inserts, the size and distribution of 
the heat transfer fluid conduits, and the 

The different configurations of honeycomb 
insets, initially, are analysed to find its suitability 
to the operational requirement of the SunDial 
concept for the two (2) industrial applications, 
Mandrekas and AMTP Iasi. The honeycomb 
inserts are discarded because of manufacturing 
issues (D4.1 Engineering configuration of the 
Thermal Energy Storage System by UPCT). D4.1 
describes how and why the Y-inserts are selected 
for the ASTEP project.  
Later on, Section 2 describes the expected 
operational performance of the TES in both 
operational conditions, charging and 
discharging. The main operational conditions for 
the SunDial performance are analysed in this 
Deliverable for both charging and discharging 
scenarios  
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mechanical strength of the overall system – 
based on the thermal cycle stresses – will be 
imposed. As a result of this task, a CAD model 
will be delivered to task T.4.3, for 3D printing of 
a polylactide polymer model.  
The understanding of the physical mechanisms 
that involve melting and solidification in the 
hybrid thermal energy storage system will be 
accomplished by means of numerical modelling 
and simulation. The coupling of the energy 
storage tank with the Fresnel collector, which 
works under continuously variable conditions, 
will be implemented in a CFD code for a proper 
modelling of the energy charging cycle. The 
discharging cycle will be described through a 
coupling of the Thermal Energy Storage (TES) 
with the end user application (two being 
involved in this proposal)  

DELIVERABLE 

D4.2 ‘Modelling and simulation of the charging 
and discharging cycles of the TES.  

Section 2 

Analysis of the TES performance using CAE 

tools such as CFD. 
The selected Y-insert for the TES is justified by its 
expected operational performance. Similarly, 
the forecasted main operational performance of 
the TES for both charging and discharging 
conditions are described in Section 2.  

1.2. Deliverable Overview and Structure 

Section 2 describes the validation process for the TES inserts and how the CFD model is calibrated with 
experimental information from PWR (ASTEP partner). After the originally proposed honeycomb insert 
was discarded because of manufacturing issues (see D4.1), we analysed the expected performance of 
the Y-insert compared with the honeycomb insert. The comparison concludes that the Y-insert has a 
similar operational performance than the honeycomb inserts but with lower material requirements 
and manufacturing issues. Finally, we forecast the TES operational performance using the Y-inserts for 
the charging and discharging conditions. We analyse the charging and discharging conditions in two 
different scenarios. 

1.3. Conclusions 

This deliverable justifies the Y-insert selection instead of the honeycomb insert based on the calibrated 
CFD model developed during the T4.2. Finally, this deliverable describes the expected operational 
performance of the Y-insert TES during the two (2) main operational conditions of the SunDial concept 
(charging and discharging). Additionally, operational conditions of the TES will be analysed during WP6 
to cover a higher range of operational conditions of the SunDial. 
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2. Analysis of Insert Design and Insert-TES Performance 

2.1. Y-shaped CFD model validation for the Thermal Energy Storage System (TES) 

This phase of the project uses the following virtual setup (that was used in the computer) to calibrate 
our CFD model results with the experimental setup created at PWR. 

2.1.1. Geometry 

The geometry of the test rig is described in Fig. 1. 

 

  

Fig. 1. Materials that compose the phase change material (PCM) and the inserts. 

2.1.2. Mesh 

The mesh used in the calibration is show in Fig. 2, the number of cells and nodes included in the analysis 
is shown in Table 2. 

 
Fig. 2. Detail of the mesh at the Y-insert 

Table 2. Mesh details 

Mesh Number 

Elements 3 628 293 

Nodes 1 026 635 
 

2.1.3. PCM Materials 

Table 3 and Table 4 describe the physical properties implemented in the calibration studies of this 
phase of the project. 
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Table 3. Physical properties of the applied PCM on the calibration studies 2,3,4 

 
Density 

[kg/m3] 

Melting point 
[ºC] 

Conductivity 
[W/ m K] 

Specific Heat 

[J / kg K] 

Phase change 
enthalpy 

[kJ / kg] 

Vicosity 

[kg / (m·s)] 

Thermal 
expansivity [K-

1] 

PCM 1950 
222 0.380 (s) 

0.417 (l) 

1400 (s) 

1452 (l) 

108 * 
3.52E-4 

 

Table 4. PCM dynamic viscosity 2,3,4 

Temperature 

[ºC] 

Dynamic Viscosity  

[kg/ (m·s)] 

227 0.00561 

237 0.00511 

247 0.00468 

257 0.00431 

267 0.00400 

 
This study also included different materials that were included in experiments at PWR including the 
insulation, inserts, Ceraboard layer, and hotplate (lower plate where the whole system is laying). Their 
respective properties are shown in Table 5. 
 

Table 5. Materials that compose the phase change material (PCM) and the inserts. 

 

 

Density 

[W/ m K] 

Conductivity  

[W/ m K] 

Specific Heat 

[J / kg K] 

Insert 2650 130 910 

Superwool blanket 128 0.06 720 

Ceraboard 320 0.07 1130 

Hot plate 2600 3.3 975 

2.1.4. Initial and Boundary Conditions 

The initial temperature conditions for charging operation is 215 ºC. However, it was not considered a 
constant temperature value in all materials, as this is not realistic given the fact that within the 
insulation materials the temperature is progressively reduced until the external ambient temperature. 
For this reason, 215 ºC was defined as initial temperature only in the insert and the PCM. The 
temperature in the other materials was determined by means of a previous steady-state simulation, 
where the temperature profiles in the materials could be determined.  
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Regarding boundary conditions, the heater temperature was defined according to the experimental 
values acquired during the experiment by PWR, and at the external walls a natural/free convection 
heat transfer coefficient of 6 W/m2K was defined together with the external ambient temperature. 

2.1.5. Results for charging operation 

The charge cycle starts at 215 ºC, as this is the value proposed by means of dynamic models for the 
control of the system. The Heat Source wall varies from 215 to 234 ºC. This cycle takes 10800 seconds 
(3 hours). 

The charging cycle follows the following temperature variation, it follows the temperature evolution 
on time, see Fig. 3. The left chart from Fig. 3 is the whole cycle performed by PWR, including the 
discharging cycle; while the right chart is the charging cycle for one hour performed by ADSC; the black 
dashed line fits the data provided for a period of one hour (3600 seconds). 

 

 
 

Fig. 3. Temperature evolution for the charging cycle. Left: overall view. Right: close-up for the initial 
temperature ramp. 

We show the charging cycle using the temperature variation and the liquid fraction evolution, the 
results are shown at 3 planes (symmetry X-plane, symmetry z-plane, and midplane (parallel to the hot 
plate surface at insert’s half height). The results are shown at Fig. 4 and Fig. 5.  
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Fig. 4. Validation case – Temperature  
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Fig. 5. Validation case – Liquid fraction 

 

The previous results from Fig. 4 and Fig. 5 show the importance of the convective forces as the upper 
part of the Y-insert reaches a higher temperature earlier than the lower part. Similarly, the heat is 
transferred outwards from the heated center towards the outside of the experimental test rig. 

Now, we analyze how the heat is transferred outward in a horizontal midplane, see Fig. 6 and Fig. 7 to 
see this evolution as heat melts the PCM, the liquid volume fraction increases, and similarly the 
temperature increases from the Y-insert petals outwards. 
 



 D4.2 Modelling and simulation of the charging and discharging cycles of the TES 

 Page 15 of 25 

 
Fig. 6. Validation case – Thermocouples results 

  
Fig. 7. Validation case – Separate thermocouples results 

After analyzing the results from Fig. 6 and Fig. 7, we conclude: 

• These charts contain the temperature evolution measured by the thermocouples for simulated 
and real cases.  

• Notice how besides the CFD calculation begin at a higher temperature, the simulated CFD scenario 
follows the same temperature trends than the real experiment until the melting point takes place. 

• After melting is reached, temperature increases faster in the physical case.  

• Temperature reaches a horizontal or very close to horizontal slope in physical models for a value 
around 220 ºC, while in the simulation this happens at 222 ºC which is the melting point set for 
the material.  

Similarly, we analyze the errors in the CFD models, using the following parameters: 

•  Mean Absolute Percentage Error (MAPE) has been calculated using Kelvin units for temperature 
measures. It also has been calculated the Mean Squared Error (MSE) and the Mean Average Error 
(MAE) to learn how close the simulation results are to reality.  
 

Table 6. Validation case – Thermocouples’ error 

Error TC1 TC2 

MAPE 0.32 % 0.43 % 

MSE 1.74 ºC 2.30 ºC 

MAE 1.58 ºC 2.10 ºC 
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• It is presented how good the simulation values fit to the real values by using the coefficient of 
determination, R: 

Table 7.  Validation case – Thermocouples’ R-score 

Error TC1 TC2 

R 0.9066 0.8340 

R2 0.8220 0.6956 

2.1.6. Conclusion 

• Even though the initial conditions are not the same for both thermocouples measurements, it 
can be seen how the trends are very similar.  

•  Once the melting point is reached by the -Y-insert in the physical test rig, the experimental 
results increase its temperature faster than in the simulated CFD model and finally it surpasses it.  

•  The melting point in the physical model looks closer to 220 ºC than to 222 ºC. If we modify this 
melting point in the simulated CFD model, this will lead to find the function’s horizontal slope 
point at 220 ºC.  

Based on the results obtained, the model and simulation are considered as satisfactory in the first 

approach, and it will be adapted and further refined once the corresponding results in WP06 become 

available.   
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2.2. Y-Insert TES working model 

2.2.1. Geometry 

As it can been seen, the Y-insert performs like the honeycomb insert but it requires less time and 
material for its construction. It also presents a higher energy storage density, and the internal 
convective currents within the liquid PCM are enhanced. This will be particularly relevant in the full 
module. Next step, it is to analyze the thermal performance of the Y-Insert within the proposed 
Thermal Energy Storage (TES) unit. The proposed TES has a length of 160 cm. 

The proposed configuration of the Y-inserts inside the TES has a unitary cell, see Fig. 8, left.  

We analyze the performance of this Y-insert unit within the TES to reduce the time to obtain a 
numerical solution using the previously CFD models. Additionally, we take advantage of the symmetry 
of the Y-insert to analyze 1/6 of the volume corresponding to one tube and considering the full height 
(Fig. 8, right).  

 
 

Fig. 8. Y-insert TES – Geometry 

We have analyzed the thermal performance of the Y-Inserts inside the TES in two scenarios.  

 

2.2.2. Model mesh 

The mesh is made of tetrahedral elements for the PCM body domain and hexahedral elements for the 
insert’s domain, as it is shown in Fig. 9. Table 8 shows the mesh statistics  

  

Fig. 9. Detail of the mesh at the Y-insert 

The total number of elements and nodes that this mesh contains are: 

HEATING 
WALL 

FRONT VIEW 

LATERAL VIEW 
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Table 8. Mesh statistics 

Mesh Number 

Elements 881 560 

Nodes 792 835 

  

2.2.3. Material 

Table 9 and Table 10 describe the physical properties included in the CFD model to assess the thermal 
performance of the Y-insert in the TES during both charging and discharging operations. 

Table 9. Physical properties of the applied PCM on the calibration studies 2,3,4 

 
Density 

[kg/m3] 

 

Melting point [ºC] 

 

Conductivity 
[W/ m K] 

 

Specific Heat 

[J / kg K] 

 

Phase change 
enthalpy 

[kJ / kg] 

 

Vicosity 

[kg / (m·s)] 

Thermal 
expansivity [K-

1] 

PCM 1950 
222 0.380 (s) 

0.417 (l) 

1400 (s) 

1452 (l) 

108 * 
3.52E-4 
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Table 10. PCM dynamic viscosity 2,3,4 

Temperature 

[ºC] 

Dynamic Viscosity  

[kg/ (m·s)] 

227 0.00561 

237 0.00511 

247 0.00468 

257 0.00431 

267 0.00400 

 

2.2.4. Initial and boundary conditions 

The conditions described below are based on the expected operation conditions obtained by 
preliminary simulations of the dynamic model.  

 

2.2.4.1. Charging Scenario 1 

Initial conditions 

a) The Heat Source wall varies from 190 to 240 ºC, while it is always 5 ºC above the 
PCM average temperature 

b) The whole system has an initial temperature of 190 ºC 
 
Results 

This scenario takes 93 minutes to reach objective temperature. The temperature raises uniformly 
until the PCM reaches the melting point; this is about minute 30. At this moment, the temperature 
rise gets slower for another 30 minutes, when it speeds up again.  

 
Fig. 10. Insert-Y TES – Charging cycle – Hot surface and PCM average temperature 

The phase change within the TES using a unit Y-insert shows the temperature evolution on time, 
Fig 10. At 2760 sec., a slight difference in temperature distribution, especially noticeable between 
the lower and the middle sections of the TES. At 5580 sec., the TES upper side is full of liquid 
fraction that will not make any change, while the lower side still has an important fraction of solid 
phase. 
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Additionally, the temperature distribution is not uniform along the TES height, convective forces 
help to heat up faster the upper part of the TES. Besides the temperature distribution, we think it 
is important to mention about the liquid fraction evolution of the PCM on time, it is initially zero 
as the PCM is solid. Then, it is melting as time is progressing and temperature is rising along the 
different PCM sections of the Y-Insert within the TES. 

 
At 2760 seconds. It can be observed how there is a difference in the melted fractions along the TES 

for the same time. The liquid fraction layer is thicker at the closest walls to the heating wall. At 

5580 seconds, a similar behavior to the Temperature field, higher liquid fraction on the upper part 

of the TES as temperatures are higher for the same time. 

The solid fraction, denser than the liquid fraction, and the lower temperature tends to be displaced 

to the TES bottom. For a significant area inside the inner volume of the TES “petal” the solid 

fraction remaining may still suppose the third part of the TES height. 

Finally, there is liquid phase movement because the initial liquid fraction formation from the walls. 

This liquid in the lower sections flows up driven by buoyancy forces generating and accumulation 

of liquid at the top of TES unit, making the bottom side the last part to be filled with liquid fraction. 

At 2760 sec, the liquid fraction velocities are especially large at the TES walls next to the heating 

wall. At 5580 sec, the highest velocities take place at the TES bottom, while the lowest at the top 

side. This happens due to the liquid fraction formed moves from the bottom to the top. 

This volume representation as velocity function, registered from 7.50 to 15.00 mm/s. Notice how 

there is a fist stage of formation from the walls and this volume is displaced to the bottom of the 

TES, since the liquid fraction is stored in the upper side where it remains static without moving., 

except for the fraction formed at the end of the case, which represents a volume of fluid moving 

from the bottom to the top.  

The conclusions of the charging cycle scenario 1 are the following ones: 

• There is a difference in the temperature distribution, the melted fraction and the velocities 
achieved by the fluid fraction along the whole length of the TES unit.  

• While the liquid volume tends to be concentrated at the top of the TES, it is in the lowest plane 
where the maximum velocities are reached.   

• Referred to the PCM, it is noticeable the 25 ºC gap that exists between the upper and the lower 
faces, being the lower face at 215 ºC (still under the melting point) and with a significant 
volume of solid PCM for the last timestep.  

• There is a non-negligible temperature gradient along the insert horizontal and vertical 
extension being this difference especially large at the end of the case and for the bottom plane.  
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2.2.4.2. Discharging Scenario 1 

Initial conditions 

a) The heating wall varies in this case from 235 ºC to 180 ºC, being now 5 ºC below the 
PCM average temperature. 

b) The whole system has an initial temperature of 235 ºC.  

Results 

Fig. 11 shows the evolution of the energy fluxes along the time (energy entering the PCM through 

the hot wall, and energy actually stored by the TES unit as both sensible and latent heat). To 

compare the CFD model thermal performance, it is shown the total energy transferred between 

time zero and the current time versus the energy accumulated by the PCM and inserts. They almost 

coincide for all the timesteps with slight differences due to the transient nature of the process. 

 
Fig. 11. PCM energy variation vs. energy through the wall 

Fig. 12 shows the temperature evolution, it shows how the heating wall temperature is set in this 

case to be 5 ºC below the PCM temperature. It can be seen how after the melting point region this 

difference gets bigger. 

 
Fig. 12. Temperature evolution between heating wall and internal PCM 

The results during the discharge scenario are described using two parameters, temperature, and liquid 
volume fraction during the time evolution. The temperature remains more homogeneous than in the 
charging case. There are smaller differences in temperature distribution. The solid layer grows from 
the walls towards the center, and it is thicker close to the tube. The liquid fraction distribution along 
the TES height becomes more homogeneous through time. There are evidences how quickly the liquid 
stops moving, and the convective effect loses the effectiveness that it had during the charging cycle.  
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The conclusion of the discharge cycle scenario are the following ones:  

•  In terms of CFD simulation, the discharging cycle takes a longer time to be calculated 
compared to the charging cycle for a similar simulated time. 

• The solidification process happens homogeneously regardless the height of interest compared 
to the melting process.  

• The effects of buoyancy disappear so the phase change occurs more homogeneously along the 
length, growing from the walls towards the centre, and there are no differences along the 
length in terms of the volume fraction distributions.  

 

2.2.4.3. Charging Scenario 2 

Initial conditions 

c) The Heat Source wall varies from 190 to 240 ºC, while it is always 2,5 ºC above the 
PCM average temperature 

d) The whole system has an initial temperature of 190 ºC 

Results 

This scenario takes over 3 hours (2000 minutes) to reach the objective temperature of 240 ºC at 
the hot wall. The temperature raises uniformly until the PCM reaches the melting point; this is at 
about 1 hour (minute 60). At this moment, the temperature rise gets slower for another 2 hours, 
when it speeds up again. The phase change process is therefore occurring for 2 hours, between 1 
hour and 3 hours after the start of the heating process as seen in Fig. 13 and Fig. 14.  

 

 
Fig. 13. Temperature evolution between heating wall and internal PCM 
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Fig. 14. PCM liquid volume fraction evolution (phase change) 

As a main conclusion, the results show a similar behaviour as in the original charging scenario is 
observed, although at a lower rate given the fact that the heat transfer to the PCM is occurring at 
a lower rate due to the smaller temperature difference between hot surface and PCM. 
 
The temperature increase in the PCM during the heating process. The PCM material close to the 
metallic insert is quickly heated up, while the bulk PCM away from the insert requires more time 
to increase its temperature. During most of the total heating process time the PCM remains at a 
relatively constant temperature due to the melting phase change. Temperature gradients can be 
observed in the vertical direction, with higher temperatures at the top sections of the system (as 
it was described in the Charging Scenario 1, it shows the importance of the convective forces). 
 
As expected, phase change starts within the PCM close to the metallic insert walls, and at a higher 
extent close to the center tube (hot surface) rather than at the outer ends of the insert. The melting 
region becomes higher over time as phase change proceeds due to the heat transferred from the 
hot surface to the PCM material, until all material is melted. Vertical gradients in the melting 
process are in general not significant, except at the final stage of the process where a fully melted 
PCM is found at the top of the system, while the bottom and mid sections are taking still some 
further time to melt completely. 

 
The PCM liquid velocity are obviously zero during the first heating stage while the material is still 
in solid state. The liquid starts moving upwards during the final stages once the PCM is melted, 
with highest values of about 10 mm/s, in the fluid regions close to the hot surface wall.  
 

The conclusions of the charging cycle scenario 2 are the following ones: 

• The results show a similar behavior as in the original charging scenario, although at a lower 
rate given the fact that the heat transfer to the PCM is occurring at a lower rate due to the 
smaller temperature difference between hot surface and PCM. 
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3. Conclusions 

This Deliverable has documented the charging and discharging cycles of the Thermal Energy Storage 
System (TES) designed for the ASTEP concept.  
 
As a previous stage to the final TES simulations, a validation work of the CFD model has been 
performed. The validation aims at ensuring that the CFD model developed is able to correctly replicate 
the phase change of the PCM, since it is in this material where the energy collected from the sun is 
stored for later applications. The Deliverable has presented the validation work carried out and the 
corresponding results, where a favourable validation has been obtained. 
 
The validated CFD model has been used to simulate the final Y-insert design under a set of charging 
and discharging cycles with different operating conditions. The PCM transition from solid to liquid 
phase during charging and from liquid to solid phase during discharge has been studied, together with 
the temperature distribution, and the buoyancy effects inside the TES when the PCM is melted. 
 
The main conclusions of the analyses are presented below: 
 

• PCM Charging / scenario 1: 
The Heat Source wall was maintained 5 ºC above the PCM average temperature, from 190 to 240 ºC.  
The whole system was set at an initial temperature of 190 ºC. 
Under such conditions, the system took 93 minutes to reach objective temperature (240 ºC). PCM 
reached the melting point at about minute 30. At this moment, the temperature rise was slower during 
phase change for another 30 minutes, and it was then increased quickly towards 240 ºC. 
It has been observed that the liquid movement due to the buoyancy effects produces a relatively 
smooth gradient of temperature along the PCM. 
 

• PCM Discharging / scenario 1: 
The heating wall was varied in this case from 235 ºC to 180 ºC, being 5 ºC below the PCM average 
temperature. The system was defined at an initial temperature of 235 ºC.  
The solidification process occurred homogeneously regardless the height of interest compared to the 
melting process, growing from the walls towards the centre, and with no differences along the length. 
The effects of buoyancy disappear.  
 
 

• PCM Charging / scenario 2: 
The Heat Source wall was maintained 2.5 ºC above the PCM average temperature, from 190 to 240 ºC.  
The whole system was set at an initial temperature of 190 ºC.  
Under such conditions, the PCM took over 3 hours (200 minutes) to reach the objective temperature 
of 240 ºC at the hot wall. The temperature raises uniformly until the PCM reaches the melting point 
which occur at about 1 hour. At this moment, the temperature rise gets slower for another 2 hours 
while the phase change process take place, and then it speeds up again towards 240 ºC.  
A similar behaviour as in the original charging scenario is observed, although at a lower rate given the 
fact that the heat transfer to the PCM is occurring at a lower rate due to the smaller temperature 
difference between hot surface and PCM. 
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