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A B S T R A C T   

The design of thermal energy storage (TES) tank is the key part that can limit charging and discharging process. 
Most research findings highlight that the use of fins augments the heat transfer rate. This work experimentally 
investigates the use of aligned copper wools as fillers to enhance the thermal performance of a lab-scale shell- 
and-tube TES tank filled with phase change material (PCM). Two copper wools with different fibre thicknesses 
were chosen and discretely laid around the TES tank tubes in two design patterns. Accordingly, five shell-and- 
tube TES tank configurations were obtained, including the reference, for performance evaluation. The TES 
tank was loaded with n-octadecane as PCM for all the cases studied. The results showed up to a 16 % reduction in 
melting time with the inclusion of copper wool. The TES tank significantly increased the mean power during 
charging (53 %) and discharging (205 %). The addition of metal wool into the TES tank enables the PCM to 
release the heat at a constant temperature during the entire phase transition process. And the overall efficiency of 
the TES tank was found to get improved. Therefore, a copper wool integrated TES tank would be a beneficial 
addition to thermal energy storage systems.   

1. Introduction 

The world energy demand is increasing exponentially due to ur
banization and the advancement of industrial sectors. Fossil fuels were 
found to be significant energy sources to address the growing energy 
needs. However, there is an outbreak of CO2 emissions due to the 
extensive usage of fossil fuels, which turns out to be a significant threat 
heading to climatic change, ozone layer depletion, and several other 
problems [1]. These issues can be alleviated through the productive 
utilization of renewable energy sources [2]. However, renewables suffer 
from its intermitting behaviour, which causes a mismatch between the 
power production and energy demand. 

Thermal energy storage (TES) is a technology able to store energy in 
the form of heat with the benefit of retrieving the stored energy ac
cording to demand [3]. The TES systems are categorized as sensible heat 
TES systems, latent heat TES systems, and chemical storage and sorption 
(also known as thermochemical) TES systems. Latent heat TES system 

may use phase change material (PCM) as a storage medium due to its 
high energy storage capacity during phase transition [4,5]. The essential 
parts of a latent heat TES systems are the thermal energy source (i.e., 
solar energy, waste heat), working fluid, phase change material, the TES 
tank, and the energy sink (i.e., heating system, power cycle). By un
derstanding the TES system operation, one could figure out the signifi
cance of these components. The inlet thermal energy will be pumped by 
the working fluid in a real-time TES system. Once the fluid flows through 
the energy source, it begins to heat up and then arrives in the TES tank, 
which holds the PCM. At this point, the PCM and working fluid exchange 
thermal energy, and therefore the TES tank is filled. When needed, the 
stored energy can be obtained by pumping a working fluid across the 
TES tank bringing the thermal energy to the final application. 

Although the use of PCM in TES systems has substantial benefits, it 
also suffers from significant problems [6]. The most common issue 
associated with the use of PCMs is their low thermal conductivity, which 
influences the TES system thermal performance resulting in time 
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demanding charging and discharging processes [7]. Considerable 
research was carried out to improve the TES system thermal perfor
mance. The most studied approaches are categorized as (i) enhancing 
the thermophysical properties of the PCM employed and (ii) modifying 
the design of the TES tank. The techniques to enhance the thermo
physical properties of the PCM include the addition of nanoparticles and 
micro or macro encapsulation of phase change materials [8–12]. At the 
same time, including metal foams, metal wool, and fins in a heat 
exchanger unit was also found to be an effective strategy to promote the 
thermal performance of the TES system by enhancing heat transfer via 
conduction [13–15]. 

Belazreg et al. [16] numerically studied the thermal performance of 
the shell-and-tube TES tank by incorporating Y-shaped longitudinal fins 
of 4 mm to the tube side of the TES tank. The authors developed three 
different cases of TES tanks: Case (i) containing only PCM; Case (ii) 
including two Y-shaped fins; Case (iii) including four Y-shaped fins. A 
significant reduction in the melting time was observed for the TES tank 
built with four Y-shaped fins. The authors reported that the increased 
number of fins reduced the thermal resistance within the TES tank, thus 
enhancing the heat transfer rate. Surya et al. [17] developed 
PCM-loaded stainless steel balls with rod-shaped internal fins to improve 
the TES thermal performance. The authors observed a 47.37 % reduc
tion in the time required for charging the PCM for the fins-incorporated 
stainless-steel ball. Xu et al. [18] proposed an intelligent memory fin 
technique to promote the charging and discharging performance of the 
PCM. The titanium-nickel alloy memory fin measures 55 mm × 20 mm X 
1 mm. The memory fin incorporated tends to bend when exposed to 
elevated temperatures. The study reported a 28.6 % reduction in melting 
time using a memory fin instead of a standard fin. The authors reported 
that during the mid-stage of the charging cycle, the fin bends and 
squeezes the liquid PCM underneath to make it flow to the top surface, 
promoting natural convection effects. The enhanced natural convection 
effects reduce the time required for melting the PCM. Al-Abidi et al. [13] 
numerically investigated the impact of integrating internal and external 
fins into a triplex tube heat exchanger-based TES tank. The authors 
developed different cases of TES tanks by varying the PCM employed, 
Stefan number, fin numbers, fin length, and fin thickness. The results 
showed that all the parameters except fin thickness have a reasonable 
influence on the thermal performance of the TES tank. 

Prasanth et al. [19] developed latent heat thermal energy storage 
systems integrated with Cu foam, Cu wire foam and Al wire foam, 
aiming to improve the thermal conductivity of the PCM (paraffin wax). 
The authors reported an 18.9 % and 15.5 % reduction in melting time for 
the Cu foam-incorporated paraffin wax and Al wire foam-incorporated 
paraffin wax latent heat thermal energy storage system, respectively. 
Morciano et al. [20] incorporated a 3D-printed cartesian lattice metal 
structure into a TES system to encompass the PCM. The lattice metal 
structure was made up of aluminium alloy AlSi10Mg. The authors 
observed a remarkable heat transfer rate within the TES tank during the 
charging and discharging cycles (714 W/kg and 1310 W/kg, 
respectively). 

Metal wool appear to be a good solution for improving the effective 
thermal conductivity of PCMs as well as the thermal performance of TES 
systems. Metal wool offers more beneficial characteristics compared to 
present techniques for improving the thermal transfer properties of the 
TES tank. Metal wool has a high porosity structure and can accommo
date the same amount of PCM as a conventional shell and tube TES tank. 
Metal wool provides a long heat conduction path, facilitating heat 
transfer within the phase transition material. It is a low-cost enhancer 
that can be integrated into any system, making it suitable for a wide 
range of applications. 

Favache et al. [21] employed aluminium metal wool to improve the 
thermal transfer characteristics of a paraffin-loaded TES system. The 
author developed three distinct configurations of a metal 
wool-incorporated TES tank by altering the mass percentage of metal 
wool relative to PCM mass, with the maximum metal wool added being 

18 %. The author reported that the effective thermal conductivity of the 
PCM increased in the solid phase rather than the liquid phase because 
the metal wool acts as a barrier, reducing the movement of natural 
convection effects occurring in the liquid phase. The author concluded 
that the inclusion of metal wool has a considerable effect on solidifica
tion time but not on the melting time. Prieto et al. [22] employed metal 
wool to improve heat transfer in the sodium nitrate-loaded TES system. 
The author used stainless steel metal wool in 16 layers in diverse di
rections, but always perpendicular to the HTF tubes. The author claimed 
a 300 % increase in solid-state thermal conductivity of NaNO3 incor
porated with metal wool. Gasia et al. [23] experimentally investigated 
the effect of adding fins and metal wool to the TES tank. The authors 
reported that the TES tank that contains fins attained the highest heat 
transfer rate compared to the other configurations. 

Based on the literature review, it is evident that increasing the heat 
transfer surface area certainly enhances the thermal performance of the 
TES system [24]. Most of the research studies employ fins compared to 
other techniques [25–27]. While, in most studies, the performance of the 
TES system was numerically investigated [28,29], in the case of metal 
wool, the available works in the literature are still limited [30]. No 
research papers were identified that discuss employing copper metal 
wool as an option to increase the effective thermal conductivity of PCM 
tanks. To the authors knowledge, there are also no such studies that 
consider the thickness of the metal wool and the design pattern of metal 
wool laid in TES tanks. 

This study stands out for incorporating aligned (i.e. fibre oriented in 
a one particular direction) copper wool as a heat transfer enhancer for 
the TES tank. The most important benefit of adding metal wool is that 
the thermal performance of the TES tank can be improved without 
significantly affecting the energy storage density of the PCM. The ther
mal performance improvement is obtained as the increase in effective 
heat transfer surface area between the heat transfer fluid (HTF) and the 
PCM. Importantly, it is a technology that can be implemented to an 
existing TES tank, without the requirement of a complete redesign of the 
system. Copper wools of two dissimilar thicknesses (coarse and fine) 
were utilized for this study and incorporated in two different configu
rations. Accordingly, four cases of TES tank configurations have been 
developed, plus the baseline configuration that contains no metal wool. 
Charging and discharging cycles were experimentally tested for all the 
cases. 

2. Materials and methods 

2.1. Materials 

In this study, N-octadecane (CH3(CH2)16CH3)) was chosen as PCM 
for the TES tank, procured from Alfa Aesar, Germany. Copper wools of 
two different thicknesses procured from STAX, Germany, were utilized 
as heat transfer enhancers. Table 1 details the specific properties of the 
n-octadecane and the copper wool. Fig. 1 shows the optical images of the 
copper wools. The TES tank used for this study resembles a shell-and- 
tube heat exchanger-based design with a volumetric capacity of 3 L. 

Table 1 
Specific properties of n-octadecane and copper wool (Information provided by the 
manufacturer).  

Description Filler (metal wool) Phase change material 

Material Copper n-octadecane 
Purity 99 % 90 % 
Density 8.9 g/cm3 0.782 g/cm3 

Thermal conductivity 383 W/m⋅K (single fiber) 0.153 W/m⋅K [31] 
Thickness Coarse: 120 μm 

Fine: 60 μm 
n.a. 

Melting point n.a. 28 ◦C 
Latent heat n.a. 243.5 J/g [32]  
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2.2. Analytical methods 

The heat flow vs. temperature data for the PCM (n-octadecane) was 
acquired using differential scanning calorimeter (DSC) equipment (DSC 
3+, Mettler Toledo). The aluminium crucible was loaded with the 
determined sample mass to be tested. The instrument analyses the 
sample under a nitrogen atmosphere. The heat flow curve was recorded 
within the temperature range from 15 ◦C to 35 ◦C to cover the phase 
transition interval of the n-octadecane. The measurements were 
repeated three times at 1 K/min heating rate for uncertainty analysis. 

2.3. Experimental setup 

The charging and discharging characteristics of the tailor-made TES 
tank were acquired using the in-house experimental setup. The setup 
includes a refrigeration unit, a buffer tank with two in-built heaters, 
water pumps, a flow meter, and the TES tank of interest (Fig. 2). 12.7 
mm diameter sized copper pipes interconnect the components hydrau
lically. Polyurethane envelope insulates the copper pipes to reduce the 
heat loss to the surroundings. The TES tank was loaded with the same 
mass of n-octadecane (2.1 kg) regardless of the configurations. Gener
ally, the heat transfer fluid (HTF) selection relies on the working tem
perature range. In this study, the operating temperature range stretches 

between 15 ± 1 ◦C to 45 ± 1 ◦C; subsequently, water was chosen as an 
appropriate HTF. 

The HTF in the buffer tank can be taken to high temperatures using 
the built-in heaters and to low temperatures using the condensing unit. 
A buffer tank with a capacity of 200 L was selected to deliver the HTF at 
a nearly constant temperature to the TES tank. The water pump drives 
the HTF between the buffer tank and the TES tank at a constant flow 
rate. PT-100 temperature sensors with an accuracy of ±0.3 ◦C were 
utilized to acquire temperature measurements: i) of the PCM and ii) of 
the HTF at the inlet and outlet sections of the TES tank. The temperature 
measurements of all the temperature sensors were acquired every 10 s 
by the data acquisition system. Three temperature sensors were moun
ted at different spots in the buffer tank to measure its temperature, and 
the average of their measurements was used to figure out the buffer tank 
temperature. Nine temperature sensors were utilized in the experi
mental setup to measure the temperature of the confined PCM in the TES 
tank. The first four temperature sensors (T1 to T4) were placed in the 
anterior region of the TES tank, evenly spaced apart, and the next four 
temperature sensors (T5 to T8) at the tank’s posterior position. How
ever, the positioning of each temperature sensor was done to provide for 
accurate measurement of the PCM’s temperature at various tank levels 
and in close proximity to the HTF tubes. Besides these, another tem
perature sensor (T9) was placed in the tank posterior area, but it 

Fig. 1. Images of (a) fine and (b) coarse copper wool.  

Fig. 2. Schematic representation of the experimental setup.  
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measures the temperature of the PCM deep inside the tank. This tem
perature sensor is deliberately placed to measure the temperature of the 
PCM, which has a greater temperature differential with the HTF tubes 
and will undergo phase transition later. Measuring the temperature at 
this position confirms that the phase change has occurred across all 
cross-sections of the TES tank. An application to control the components 
of the setup was developed utilizing InduSoft Web Studio. Table 2 
provides the details on the main parts of the experimental setup. The 
schematic representation of the TES tank and the position of tempera
ture sensors are shown in Fig. 3. 

2.4. Methodology 

2.4.1. tank design 
Five shell-and-tube TES tank configurations were developed with n- 

octadecane as the PCM and copper wool as fillers. The baseline design 
only contains the PCM, deliberately designed to be used as a reference 
for comparing the performance of the different configurations with the 
copper wool embodied in the TES tank. The other four cases differ in the 
thickness of the copper wool (fine and coarse fibres) and the design 
pattern by which the copper wool was embodied in the TES tank. It 
entails that every configuration has a different packaging factor. Where, 
the packaging factor is defined as the metal wool mass divided by the 
TES tank volume. The copper wool was laid perpendicular to the HTF 
tubes for all four cases to enhance the heat transfer in the radial direc
tion. Fig. 4 shows the schematic representation of the five configura
tions, and their detailed specifications are reported in Table 3. Fig. 5 
shows the images of the TES tank and the copper wool incorporated TES 
tank. To avoid heat losses, the TES tank was covered with insulation 
(polystyrene, ~80 mm thick) on all sides. Additionally, in order to keep 
the ambient temperature identical across all of the tests, the experiments 
were carried out at the same time on subsequent days in a closed lab 
atmosphere. 

2.4.2. Charging and discharging cycles 
Before each charging cycle, the PCM temperature was brought down 

to 15 ± 1 ◦C. This was achieved using the refrigeration unit that cooled 
the buffer tank, and the cold water was pumped to the TES tank to cool 
the PCM Then, the buffer tank was heated by the built-in heaters to 
reach 46 ± 1 ◦C. Once the buffer tank reached the set temperature, the 
hot water was pumped at 3 L/min through the tube side of the TES tank 
to charge (heat) the PCM. In this process, the PCM temperature 
increased from 15 ± 1 ◦C to 45 ± 1 ◦C and the PCM underwent a phase 
transition from solid to liquid phase. 

During the discharging cycle, the PCM was cooled from 45 ± 1 ◦C to 
15 ± 1 ◦C. All discharging cycles were carried out immediately after a 
charging cycle, to take advantage of the fact that the PCM temperature 
was around 45 ± 1 ◦C at the end of a charging cycle. Accordingly, the 
buffer tank was cooled down to 14 ± 1 ◦C using the refrigeration unit 
before starting the discharging cycle. Once the buffer tank reached the 
prerequisite temperature, the cold water was pumped at 3L/min 
through the tube side of the TES tank to discharge (cool) the PCM. In this 
process, the PCM temperature decreased from 45 ± 1 ◦C to 15 ± 1 ◦C 
and the PCM underwent a phase transition from liquid to solid phase. 

The charging and discharging cycles of all five configurations were 
repeated three times for uncertainty analysis. The operating conditions 
of the experimental setup are reported in Table 4. 

The mean power of the TES tanks during the charging cycle and 
discharging were estimated using the following expression.  

(a) Charging cycle: 

Pch =

∑TPCM=29 ◦C

TPCM=15 ◦C

ṁHTFCp
(
THTF,in − THTF,out

)
Δt

tch
(1)    

(b) Discharging cycle: 

Pdis =

∑TPCM=23.5 ◦C

TPCM=45 ◦C

ṁHTFCp
(
THTF,out − THTF,in

)
Δt

tdis
(2) 

The overall efficiency of the TES configurations was estimated using 
the following expression: 

%η=

∑TPCM=23.5 ◦C

TPCM=45 ◦C

ṁHTFCp(THTF,out − THTF,in)Δt

tdis

∑TPCM=29 ◦C

TPCM=15 ◦C

ṁHTFCp(THTF,in − THTF,out)Δt

tch

∗ 100 (3)  

where η is the overall efficiency, Pch and Pdis are the mean power 
generated by the TES tanks during the charging and discharging cycle, 
respectively, ṁ HTF and Cp are the mass flow rate and the specific heat 
capacity of the HTF, THTF,in and THTF,out are the inlet and outlet tem
peratures of the HTF associated with the TES tanks during the successive 
charging and discharging cycles, TPCM is the temperature of the PCM, Δt 
is the time step between two successive readings, tch is defined as the 
time required for the PCM temperature to rise from 15 ◦C to 29 ◦C and tdis 
is the time required for the PCM temperature to drop from 45 ◦C to 
23.5 ◦C. The temperature extremities were selected based on the heat 
flow and temperature curve obtained from the differential scanning 
calorimeter. 

The specific heat capacity of the HTF was estimated using the 
following formula [33]: 

Cp,HTF =2.69e− 9⋅T4
HTF − 6.63e− 7⋅T3

HTF + 2.69e− 5⋅T2
HTF − 2.69e− 3⋅THTF

+ 4.21
(4)  

2.5. Uncertainty analysis 

Measurement uncertainty is related to the random and systematic 
errors involved in measurement and depends on both the accuracy and 
precision of the measuring instrument [34]. Therefore, the randomness 
error (Type – A) and systemic error (Type – B) were considered to 
determine the total uncertainty, namely: 

U=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

U2
A + U2

B

√

(5)  

where UT is the total uncertainty, UA is the uncertainty due to 
randomness of the measurement and UB is the uncertainty due to sys
temic error. 

The total maximum uncertainty in the measurement of charging time 
was estimated to be 38.9 s. And 0.3 % was reported as the uncertainty in 
mass flow rate from the manufacturer and the temperature sensor used 
for the temperature measurements has an accuracy of ±0.3 ◦C. How
ever, the specific heat capacity of the HTF was obtained from the 
expression. 

The total uncertainty for the measurement “mean power” was 

Table 2 
Specifications of the custom-built experiment facility.  

Description Manufacturer Model and specifications 

Refrigeration unit Zanotti uniblock GCU2030ED01B 
In-built heater n.a. 3 kW 
Water pump Pentax PM45 0.5 HP 
Flow meter ModMAG M1000 
Temperature sensors n.a. Pt-100 1/5 DIN class B 

Pt-100 class B, IEC 60.751 
Data logger STEP DL01-CPU 
Control program Indusoft Web studio Version 8.1  
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calculated from the standard error of the mean (Type-A) in the mea
surement of “mean power” and the uncertainty (Type-B) in the mea
surement of mass flow rate, two temperatures and two times. 

Thus, the total uncertainty of the parameter “mean power” was 

estimates as follows [34]: 

UP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

SEM2
P +

(
∂P
∂ṁ

⋅Uṁ

)2

+ 2.
(

∂P
∂T

⋅UT

)2

+ 2.
(

∂P
∂t

⋅Ut

)2
√

(6)  

where “SEMP” represents the Type-A uncertainty obtained from the 
calculation of mean power, “ Uṁ ”, “UT” and “Ut” represent the Type-B 
uncertainty of mass flow rate, temperature and time. 

3. Results and discussion 

3.1. Characterization of the PCM 

The data related to the onset, end set, and peak temperatures of the 
n-octadecane were acquired from the heat flow vs. temperature curve 
(Fig. 6) obtained from the DSC equipment. The temperature range from 
24 ◦C to 29 ◦C constitutes the melting phase of the n-octadecane during 
the charging cycle, while the temperature range from 27 ◦C to 23.5 ◦C 
constitutes the solidification phase of the n-octadecane during the dis
charging cycle. The melting point of n-octadecane was found to be 
28.07 ◦C, which is similar to the value reported by the manufacturer 
(Table 1). The latent heat values recorded during the heating and 
cooling cycles were found to be 202.5 J/g and 200.2 J/g. 

Fig. 3. Schematic representation of the TES tank.  

Fig. 4. Schematic representation of copper wool configurations: (a) Baseline – 
TES tank with only PCM, (b) Case 1 – TES tank with PCM and fine copper wool 
in design pattern 1, (c) Case 2 – TES tank with PCM and fine copper wool in 
design pattern 2, (d) Case 3 – TES tank with PCM and coarse copper wool in 
design pattern 1, and (e) Case 4 – TES tank with PCM and coarse copper wool in 
design pattern 2. 

Table 3 
Design specifications of the copper wool configurations developed.  

Description Baseline Case 1 Case 2 Case 3 Case 4 

Filler – Copper 
wool 

Copper 
wool 

Copper 
wool 

Copper 
wool 

Thickness of 
metal 
wool 

– 60 μm 60 μm 120 μm 120 μm 

Metal wool 
design 
pattern 

– Pattern 1 Pattern 2 Pattern 1 Pattern 2 

Number of 
metal 
wool 
sheets 

– 2 sheets 
of size 
24 × 24 
cm 

2 sheets of 
size 24 ×
24 cm & 5 
sheets of 
size 24 ×
20 cm 

2 sheets 
of size 
24 × 24 
cm 

2 sheets of 
size 24 ×
24 cm & 5 
sheets of 
size 24 ×
20 cm 

Total length 
of wool 
sheets 

– 1 sheet of 
size 48 ×
24 cm 

1 sheet of 
size 148 ×
24 cm 

1 sheet of 
size 48 ×
24 cm 

1 sheet of 
size 148 ×
24 cm 

Mass of the 
metal 
wool 

– 245.0 g 437.7 g 369.0 g 841.6 g 

Packing 
factor 

– 0.08 g/ 
cm3 

0.14 g/cm3 0.12 g/ 
cm3 

0.28 g/cm3  
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3.2. Charging and discharging cycles 

Figure 7 and 8 show the PCM temperature as a function of time 
during the charging and discharging cycles for the five configurations 
tested. The temperature range (15 ◦C–45 ◦C) covers both the latent and 
sensible heat components of the n-octadecane. 

The TES tank containing only PCM (Baseline) exhibited a low 
charging rate (0.26 W) during the pre-melting phase. A nearly uniform 
temperature change rate (~0.21–0.31 W) was observed for the case 1 
and case 3 configurations (copper wool in design pattern 1). However, 
the charging ramp was higher for the case 2 (0.52 W) and case 4 (0.42 
W) configurations (copper wool in design pattern 2). Their latent and 
sensible heat components were also easily distinguishable from their 
charging curves. 

The case 4 configuration emulated the ideal phase transition process 
(storing heat at a constant temperature) of an PCM. To the authors 
knowledge, this kind of behaviour was not found to be reported else
where in an experimental study employing PCM as an energy storage 
medium in TES system. The addition of copper wool with a high packing 
factor to the TES tank may facilitate PCM to store thermal energy at a 

constant temperature throughout the phase transition process. 
Regarding the discharging cycle, the rates of discharge (0.38 W–0.57 

W) were similar for all the tested cases during the early stage (45–30 ◦C) 
of the cycles. Since there was a significantly larger temperature differ
ence between the HTF and the liquid PCM, the initial rate of discharge 
was the almost same for all cases. However, the case with only PCM 
(Baseline) exhibited a low rate of discharge (0.04 W) after the onset of 
the solidification process. The temperature change rate was higher for 
all the other cases, and they accomplished the following order in terms 
of the discharging rate: case 4 (0.15 W) > case 2 (0.09 W) > case 1 (0.07 
W) > case 3 (0.06 W) > Baseline (0.04 W). As Figure 7 and 8 show, the 
addition of high-thermal-conductivity fillers to the TES tank results in a 
positive impact on both the charging and discharging rates. 

3.3. Power and time comparison 

Figure 9 and 10 depict the mean power (i.e., heat transfer rate) in the 
case of the distinct TES tank configurations and the corresponding time 
required for charging and discharging the PCM. 

Here, the reported PCM melting time is the time required for the 
temperature of the n-octadecane to rise from 15 ± 1 ◦C to 29 ± 1 ◦C. In 
contrast, the solidification time is the time required for the temperature 
of the n-octadecane to drop from 45 ± 1 ◦C to 23.5 ± 1 ◦C. The selection 
of this particular temperature window was based on the end set tem
peratures of melting and solidification acquired from the heat flow 
curves of the n-octadecane. 

During the charging cycle, the Baseline configuration (only PCM) 
took 0.45 h to transition from the solid phase to the liquid phase 
(15 ◦C–29 ◦C). However, the Case 3 configuration (coarse copper wool in 
design pattern 1) logged the lowest time (0.38 h) to undergo phase 
transition, with a 16 % reduction in time. In terms of the time required 
for melting the PCM, the different configurations can be ordered as 
follows: Case 3 < Case 2 < Case 4 < Case 1 < Baseline. 

The mean power in all configurations was estimated using Eq. (1) for 
the charging cycle. Accordingly, the case 3 configuration (coarse copper 
wool in design pattern 1) attained a maximum value of the mean power 
of 381 W; a 53 % enhancement was observed compared to the Baseline 
configuration (only PCM). 

The addition of high-thermal-conductivity copper wool positively 
impacts the mean power attained by the TES tank configurations. In the 
case 4 configuration (PCM and coarse copper wool in design pattern 2), 
despite of its high packaging factor, the reduction in the melting time 
was not appreciable. Therefore, adding copper wool is not the only 
factor responsible for the decrease in time required for melting. The two 
significant factors that come into play in enhancing heat transfer rate are 
the increased heat transfer surface area and the natural convection ef
fects. The time required for melting the PCM gets drastically reduced 

Fig. 5. TES tank (a) schematic representation of the TES tank without copper wool and (b) optical image of the TES tank with copper wool in design pattern 2.  

Table 4 
Operating conditions of the experimental setup.  

Process HTF inlet temperature (◦C) HTF flow rate (L/min) 

Charging 45 3 
Discharging 15 3  

Fig. 6. Measured heat flow vs. temperature plot for n-octadecane.  
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when natural convection occurs. Zhang et al. [35] numerically investi
gated the melting performance of n-octadecane with and without nat
ural convection effects. A reduction of 32.6 % in the time required for 
melting the PCM due to natural convection effects was reported. During 
the melting process of the PCM, the difference in the density of solid and 
liquid parts of the PCM promotes a natural convection effect [18,33,34]. 
Among all the developed design cases, the case 3 configuration (coarse 
copper wool), being the best performing among the three, seems to in
crease thermal conduction and, at the same time, leave enough space to 

promote the natural convection effects within the TES tank domain. 
During the discharging cycle, the Baseline configuration (only PCM) 

took 2.9 h to transition from the liquid phase to the solid phase 
(45 ◦C–23.5 ◦C). The Case 4 TE S tank configuration (coarse copper wool 
in design pattern 2) logged the lowest time (43 min) to undergo phase 
transition with a 397 % reduction in time. The TES tank configurations 
can be ordered based on the time required for discharging the PCM as 
follows: Case 4 < Case 2 < Case 3 < Case 1 < Baseline. 

The mean power in all configurations was estimated using Eq. (2) for 

Fig. 7. Temperature vs. time plot during the charging cycle. (a) Baseline - only PCM, (b) Case 1 - PCM and fine copper wool in design pattern 1, (c) Case 2 - PCM and 
fine copper wool in design pattern 2, (d) Case 3 - PCM and coarse copper wool in design pattern 1, (e) Case 4 - PCM and coarse copper wool in design pattern 2 and (f) 
T_PCM comparison between TES tanks (see also Fig. 4). 
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the discharging cycle. Accordingly, the Case 4 configuration (coarse 
copper wool in design pattern 2) registered a maximum mean power of 
213 W, i.e., a 205 % enhancement compared with the Baseline config
uration. The TES tank configurations can be ordered based on the mean 
power for discharging the PCM as follows: Case 4 < Case 2 < Case 3 <
Case 1 < Baseline. Heat conduction was the primary thermal transport 
mechanism that dominates the heat transfer rate during the solidifica
tion of the PCM. In this instance, the reduction in solidification time was 

in good agreement with the packaging factor of the copper wool in the 
different TES tank configurations. The higher the packaging factor 
(amount of metal wool), the more significant the time reduction for 
solidification. The TES tank configuration with the highest packaging 
factor has the lowest solidification time and the maximum value of the 
mean power. Thus, the addition of high-thermal-conductivity copper 
wool positively impacts the mean power of the TES tank also during the 
discharging cycle. 

Fig. 8. Temperature vs time plot for the TES tank configurations during the discharging cycle. (a) Baseline - only PCM, (b) Case 1 - PCM and fine copper wool in 
design pattern 1, (c) Case 2 - PCM and fine copper wool in design pattern 2, (d) Case 3 - PCM and coarse copper wool in design pattern 1, (e) Case 4 - PCM and coarse 
copper wool in design pattern 2 and (f) T_PCM comparison between TES tanks. 
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The total efficiency of the baseline TES tank was found to be 30 % 
using Equation (3). Of all the configurations developed, case 4 was 
found to have the highest efficiency (63 %). The following is the order of 
the configurations according to overall efficiency: case 4 > case 1 > case 
2 > case 3 > baseline. 

3.4. Total thermal energy storage capacity 

The total energy stored in the TES tanks was estimated using the 
following expression: 

TES=
∑TPCM=29 ◦C

TPCM=15 ◦C

ṁHTFCp
(
THTF,in − THTF,out

)
Δt (7) 

The total energy stored by the TES tanks has been estimated for all 
the developed TES tank configurations. The results reveal that, when 
compared to other design configurations, the baseline configuration has 
the least amount of energy stored and the case 2 configuration has the 
highest amount of total energy stored. The energy stored in the Case 2 
TES tank is 34 % more than that of the baseline configuration (412 kJ/ 
kg). The increase in total energy storage for all configurations of TES 
tanks with metal wool was found to be primarily caused by the thermal 
resistance that developed between the metal wool’s fibres and the phase 

change material. The metal wool’s sensible heat component is the sec
ond mechanism that comes into the picture that enhances the TES tank’s 
energy storage capacity. As a result, design configurations with the 
greatest number of fibres will have substantial energy storage capacities. 
Although the case 2 and case 4 configurations have the most fibres, the 
case 2 configuration has the finest fibres, therefore it will have more 
thermal resistance with the PCM and more total thermal energy storage. 

4. Discussion and conclusions 

The charging and discharging characteristics were obtained for the 
shell-and-tube-based TES tank configurations loaded with n-octadecane 
as PCM along the shell side and fed with water as the HTF along the tube 
side. Copper wool was chosen as a filler to improve the TES tank’s 
effective heat transfer surface area, and two different wool thicknesses 
were tested in two different design patterns around the tubes of the TES 
tank. Accordingly, five shell-and-tube TES tank configurations were 
obtained, including the reference for performance evaluation. The per
formance of the TES tanks has been ascertained with a lab-scale exper
imental setup. Charging and discharging cycles were performed within 
the temperature window from 15 ◦C to 45 ◦C and 45 ◦C–15 ◦C, respec
tively. The measurements were repeated three times with the tempera
ture data of the PCM and HTF recorded every 10 s. 

In the case of melting, a decrease in the charging times has been 
obtained for all the configurations containing copper wools that have 
been tested. The TES tank configurations were ordered based on the time 
required for melting the PCM: case 3 < case 2 < case 4 < case 1 <
Baseline. However, in the case of melting, the decrease in charging time 
is not proportional to the amount of wool added: in fact, the maximum 
amount of wool is present in the configuration of case 4, which is not the 
best performing configuration. This is due to the reduction in the natural 
convection by the presence of the highly packed copper wool. case 3 
configuration registered the maximum value of the mean power (381 W) 
during the charging cycle; a 53 % enhancement was observed compared 
to the Baseline. This enhancement resulted in a decrease in the charging 
time of 16 %. And the total energy stored in the Case 2 TES tank is 34 % 
more than that of the baseline configuration (412 kJ/kg). 

During the discharging process, the addition of the copper wool 
resulted in a decrease in the discharging times for all the configurations 
tested; the order in the discharging time is: case 4 < case 2 < case 3 <
case 1 < Baseline. Being the solidification process mainly diffusive, the 
best-performing configuration during discharging (Case 4) generated a 
maximum value of the mean power of 213 W, a 205 % enhancement 
compared to the Baseline configuration. This enhancement resulted in a 
reduction in discharging time of 397 % compared to the Baseline. The 
addition of such high-thermal-conductivity metal wools positively 
impacted the charging and discharging rate. During the charging, the 
best enhancement was obtained when sufficient space for natural con
vection was present within the TES tank. On the other hand, being the 
solidification a purely diffusive process, the reduction in discharging 
time was linked with the amount of wool present within the TES tank. 

It is noteworthy that the TES tank four design cases with metal wool 
integrated exhibited enhanced thermal performance. Thus, the copper 
wool proved to be a potential candidate to be chosen as the filler for a 
TES tank incorporating PCM. The incorporation of metal wools with 
high thermal conductivity had a beneficial effect on the thermal energy 
storage system charging and discharging rates. Notably, the inclusion of 
metal wool in the TES tank results in the PCM temperature remaining 
practically constant during the charging cycle, particularly when 
employing coarse copper wool with a higher packing factor (Case 4). 
The observed experimental behaviour closely approximates the ideal 
performance theoretically expected for PCM tanks. Lastly, despite the 
visual impression of a substantial amount of metal fibre, the actual 
quantity is relatively small and does not significantly diminish the 
storage capacity of the TES tank. 

Working with metal wool revealed that it can be easily incorporated 

Fig. 9. Mean power vs. time comparison of the TES tank configurations during 
the charging cycle. Baseline - only PCM, Case 1 - PCM and fine copper wool in 
design pattern 1, Case 2 - PCM and fine copper wool in design pattern 2, Case 3 
- PCM and coarse copper wool in design pattern 1, and Case 4 - PCM and coarse 
copper wool in design pattern 2. 

Fig. 10. Mean power vs. time comparison of the TES tank configurations 
during the discharging cycle. Baseline - only PCM, Case 1 - PCM and fine copper 
wool in design pattern 1, Case 2 - PCM and fine copper wool in design pattern 2, 
Case 3 - PCM and coarse copper wool in design pattern 1, and Case 4 - PCM and 
coarse copper wool in design pattern 2. 
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into any system of interest to enhance its performance. Though we 
focused on a rectangular-shaped TES tank, their intrinsic adaptability 
allows them to be loaded in a TES tank of any shape. Being used in low- 
temperature TES systems in this investigation, there is literature 
demonstrating the suitability of metal wool for medium-temperature 
applications. 

The results of this study suggest a list of design considerations that 
must be considered while constructing a TES tank that uses metal wool 
as an option to enhance effective thermal conductivity of the PCM.  

1. Having a metal wool with two or three-dimensional heat transfer 
improves thermal transfer.  

2. The thickness of the metal fibre significantly influences thermal 
performance, the thicker the metal fibre the better.  

3. The metal wool packing factor and the discharging time were 
directly related.  

4. The metal wool needs to be convoluted around the HTF tubes for 
improved charging rates, leaving enough room to encourage natural 
convection effects that enhances heat transfer. 

CRediT authorship contribution statement 

Alessandro Ribezzo: Writing – original draft, Validation, Method
ology, Investigation, Formal analysis, Conceptualization. Matteo Mor
ciano: Writing – review & editing, Formal analysis. Gabriel 
Zsembinszki: Writing – review & editing, Validation, Methodology, 
Investigation, Formal analysis, Conceptualization. Sara Risco Amigó: 
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