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A B S T R A C T   

This paper experimentally evaluates the implementation of heat pipes in latent heat thermal energy storage 
systems. The well-known performance of heat pipes as a heat transfer technology makes them great candidates to 
be used as heat exchangers. However, previous studies compared their efficacy against solid metal rods, where 
heat pipes clearly succeeded. Therefore, the objective of this study is to experimentally evaluate the advantages 
of using heat pipes instead of a common shell and tubes system, during charging processes. In particular, five 
latent heat thermal energy storage systems were tested. One based on the shell and tubes, and the remaining four 
based on heat pipes. The experiments were conducted at constant heat transfer fluid temperature and flow rate, 
and the results were analysed from the temperature, heat transfer, and visual point of view. The results show that 
in heat pipes systems the phase change material melts homogeneously through all the storage container. 
However, the shell and tubes tank performed the charging process in 25 min while the fastest heat pipe one took 
40 min for it. On the other hand, in the shell and tubes configuration melt from the heat transfer fluid inlet 
towards the outlet. Moreover, systems with more heat pipe surface inside the heat transfer fluid collector pro-
vided higher power rates. Comparing the best and the worst heat pipe storage tanks during the first 30 min, the 
heat transfer rate increased over 40%. But the storing material low conductivity cushioned those high heat 
transfer rates.   

1. Introduction 

Thermal processes can be improved by using thermal energy storage 
(TES) systems in several ways. They allow to take advantage of waste 
heat, to work as a thermal shock absorber protecting the device, or to 
solve the mismatch between the energy supply and demand, the latter 
helps to integrate renewable energies [1]. Among the different available 
TES technologies (sensible, latent, and thermochemical), latent heat 
TES, with phase change materials (PCM), is targeted within this research 
due to its large energy storage density by means of nearly isothermal 
processes. However, this technology is limited since the current cost- 
effective PCMs offer low thermal conductivity (fatty acids: 0.15 W/ 
m⋅K; paraffins: 0.20 W/m⋅K; hydrated salts: 0.6 W/m⋅K) [2], which 
hinders the heat transfer during both loading and unloading processes. 

Many studies were focused in different enhancement techniques to 
increase the heat transfer rate in TES systems [3–5], such as the addition 
of fins, bubble agitation, embedding metal matrixes, metal foams [6,7], 
or other materials (graphite or nano-particles) into the PCM, and 

inserting heat pipes [8–10]. Enlarging the heat transfer surface is one of 
the easiest ways to increase the heat transfer rate to and from the storage 
tank, by adding fins or enlarging the pipe surface, through where the 
heat transfer fluid flows, for instance adding more coils into the tank. 
However, larger piping network increases pressure drops and it de-
creases the effective PCM storage volume. The replacement of the piping 
network by heat pipes in the TES tank avoids one of those issues, since 
more heat pipes can be added without affecting the heat transfer fluid 
(HTF) flow and therefore without increasing the pumping cost. With a 
minimal temperature difference as driving force, heat pipes can 
passively and almost isothermally transport great amounts of heat 
[11,12]. Heat pipes can be several thousand times as effective as the best 
metals in heat transporting [13], making them a pursued choice to 
enhance the already mentioned PCM low heat conductivity [14]. Fins 
addition in PCM TES tanks was studied in deep by many researchers, 
providing high heat transfer rates. Lacroix and Benmadda [15] con-
ducted a numerical study of the melting and solidification process of a 
PCM from a vertical wall, short and long fins were attached to the wall. 
They found that is better to add a few long fins than several short ones. 

Abbreviations: TES, Thermal energy storage; PCM, Phase change material; HTF, Heat transfer fluid; HP, Heat pipe. 
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Seeniraj et al. [16], Gharebaghi and Sezai [17] performed a numerical 
study of a latent TES system with fins,. Both studies performed a para-
metric analysis regarding the fins geometry and the number of fins, 
reflecting that by increasing these parameters, consequently the heat 
transfer did it too, obtaining higher heat transfer rates. Hoseeinizadeh 
et al. [18] experimentally and numerically studied a latent TES perfor-
mance with different fins geometries too, concluding that increasing the 
fin thickness showed a slight improvement. Guo and Zhang [19] also 
carried out a numerical study regarding the use of fins in latent heat TES, 
determining that including them, the solidification process increased 
significantly. Similar study was performed by Tae and He [20], but they 
found the optimum configuration regarding fins number, thickness, and 
height, for a given TES geometry. All in all, the use of fins increases the 
heat transfer rate between the PCM and the heat carrier. Nevertheless, 
fins were out of the scope of the current study, since the authors focused 
on evaluate the heat pipe potentialities as a better heat exchanger than 
traditional shell and tubes configuration. The heat pipe behaviour in a 
real latent heat TES tanks was deeply assessed though difference 
experimental tests. 

Many researchers studied experimentally and numerically the use of 
heat pipes in latent heat TES systems. Faghri et al. [21–24] designed a 
cylindrical latent heat TES coupled with heat pipes, in which they 
compared a copper rod against a heat pipe, both with and without fins 
attached. Every heat pipe configuration, just heat pipe, heat pipe plus 
foil, and heat pipe with foam, enhanced the melting time in regards to 
the reference scenario, by 37%, 93.5%, and 89.5%, respectively. Same 
design was used by Motahar et al. [25] (cylindrical latent TES assisted 
with a heat pipe) with n-octadecane as PCM, to test the effect of inlet 
temperature. The charging time was reduced by 53% when the inlet 
temperature was raised from 35 ◦C to 50 ◦C. The use of heat pipes has 
been also numerically studied [26–32]. Tiari et al. developed a transient 
2-D high temperature squared PCM tank [26], first with just fins and 
later on adding nanoparticles [28]. Also, they modelled a PCM cylin-
drical finned tank in 3-D [27]. These studies analysed the influence of 
heat pipes number, and their location along the PCM tank. They 
concluded that more heat pipes increased the melting rate, also that an 
optimum heat pipe distribution could enhance the system performance. 
Regarding the addition of nanoparticles, their study showed that higher 
nanoparticles volume fraction, resulted in faster charging processes. Pan 
et al. developed also a circular finned PCM tank model, but this time the 
study was focussed into minimizing the cost [29,30]. They reflected that 
thinner fins, offered cheaper systems. Also, the realized that if the fins 

were thicker than 2 mm, it was smarter to add more heat pipes than weld 
those fins. Lohrasbi et al. modelled a similar system but with different 
fins geometries [31,32]. The studies showed that as the fins attached to 
the heat pipes grew longer and thicker the discharging rate improved. 
None of these studies compared the heat pipes against a HTF flowing 
through pipes, just against solid copper rods. 

From the literature review, it can be stated that replacing metal rods 
by heat pipes is a suitable solution to enhance the heat transfer in latent 
heat TES systems. However, this comparison is not very useful since 
many heat transfer systems usually consist in a piping network where 
the HTF flows. Therefore, unlike previous studies this study experi-
mentally compares the heat pipes against those conventional systems 
with HTF. By doing this comparison, the strengths of both heat transfer 
techniques could be spotted, leading the way for future research. Since 
heat pipes are passive systems, their implementation could save 
pumping power, and mechanical complexity within the storage system, 
implying energy and economical savings. For that purpose, a latent heat 
TES tank with heat pipes was designed and built to assess the advantages 
and drawbacks over a conventional shell and tubes TES tank. The tank 
designs were done considering the packing factor and system 
compactness. Loading processes were evaluated regarding the temper-
ature, power and process time. The study showed that the heat pipes by 
themselves did not stand out over a conventional HTF heat transfer 
system in every aspect. Although they did offer some advantages which 
can be really useful regarding the final application and its requirements. 

2. Methodology 

2.1. Materials 

The PCM selected in this experimentation is n-octadecane (technical 
grade, 90% purity), supplied by Alfa Aesar, Germany. The main ther-
mophysical properties of this material are shown in Table 1. 

Water is the HTF used in this experimentation, therefore, the ther-
mophysical properties utilized for the evaluation are summarized in 
Table 2. 

2.2. Experimental set-up 

The experimentation performed in the present paper was carried out 
at the laboratory of the GREiA research group at the University of Lleida 
in Spain, in a set-up designed to characterize and test latent heat TES 
systems for mid-low temperature applications (− 20 ◦C < T < 100 ◦C). 
Fig. 1 shows a detailed schematic view of this experimental set-up. It is 
composed of a 25 L inertia storage tank, the temperature of which is 
controlled by a vapour compression cooling unit (Zanotti model 
GCU2030ED01B) with 4.956 kW, and two immersion thermostats 
(OVAN TH100E-2 kW and JP SELECTA-1 kW). This water/glycol tank is 
heated up for performing the charging process, and then cool down 
before starting the discharging. Then the water/glycol flows through a 
heat exchanger with the HTF used in the storage tanks. That way, the 
HTF flow circuit is always the same for both charging and discharging. 
The set-up also integrates two variable speed pumps, used to control the 

Nomenclature 

Cp Specific heat, J/kg⋅◦C 
ΔT Temperature difference, ◦C 
HP Heat pipe 
IN Inlet 
OUT Outlet 
P Heat transfer rate, W 
R R is a given function of the independent variables 
t Time, s 
T Temperature, ◦C 
v̇ Flow rate, m3/s 
w Uncertainties which are associated to the independent 

parameters 
W Estimated uncertainty in the final result, value- 

dependent 
x Independent measured parameters 

Greek symbols 
ρ Density, kg/m3  

Table 1 
Thermophysical properties of n-octadecane [33,34].  

Properties Value 

Chemical formula CH3(CH2)16CH3 

Melting temperature 27.7 ◦C 
Latent heat 243.5 J/g 
Specific heat capacity (solid) 2.14 kJ/kg⋅K 
Specific heat capacity (liquid) 2.66 kJ/kg⋅K 
Density (solid) 865 kg/m3 

Density (liquid) 785 kg/m3 

Thermal conductivity (solid) 0.190 W/m⋅K 
Thermal conductivity (liquid) 0.148 W/m⋅K  
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flow and inlet temperature at the TES system; a flow meter Badger meter 
type ModMAG M1000, with an accuracy of ± 0.3% of the actual flow, 
and the latent heat TES system. The connections between components 
are done with 0.5 in. copper HTF pipes, which are insulated with 18x0.9 
mm polyurethane tubes. The data acquisition system, consist in 3 STEP 
DL-01 data logger, connected to a computer with a system control and 
data acquisition software (SCADA), developed in InduSoft Web Studio 
for the set-up. 

Five different latent heat TES systems were tested in the experi-
mental set-up, one based on the shell-and-tube heat exchanger concept 
(ST: Fig. 2a) used as control, and the remaining four based on heat pipes 
concept (Fig. 2b, c, d, and e). Unlike the shell and tubes latent heat TES, 
those which included heat pipes required a manifold where HTF and 
heat pipes exchange heat. The heat pipes used were made in copper, 
with sintered metal wick, capillary driven, water as inner working fluid 
and 350 mm in length. Two of the heat pipes latent TES tanks (HP16_A 
and HP16_B: Fig. 2b and c) were built with ten heat pipes of 16 mm 
diameter each, matching the diameter of the copper tubes used before in 
the shell and tubes tank configuration. Therefore, same packing factor 
(ratio between the PCM volume and the storage tank volume) and heat 
transfer surface was achieved but with heat pipes. The remaining two 
heat pipes latent TES tanks (HP10_A and HP10_B: Fig. 2d and e) were 
built with ten heat pipes of 10 mm diameter each, to analyse the in-
fluence of the diameter of the HP in the process studied. And to char-
acterize the heat pipes TES tank even with a higher packing factor and a 
lower heat transfer surface than shell and tubes tank configuration. A 
and B configurations differed in the heat pipe length introduced into the 
HTF manifold, being longer at B ones. Consequently, the PCM vessel in 
HP16_B and HP10_B was reduced, keeping the same packing factor as 
their homologs. Table 3 summarizes the main characteristics of the five 
latent heat TES systems. Each latent heat TES tank was insulated with 
80 mm thick polystyrene sheets. The average thermal losses of the sys-
tems to the ambient were 2.5 W. 

The temperature of the PCM placed inside the heat exchangers was 
measured with eight Pt-100 class B, IEC 60,751 standard type, with 

accuracy of ± 0.3 ◦C. These temperature sensors were located as shown 
in Fig. 3, at a distance of 40 mm from the bottom of the heat exchanger. 
In addition, two additional Pt-100 1/5 DIN class B temperature sensors 
with an accuracy of ± 0.3 ◦C were located at the inlet and outlet of the 
heat exchangers HTF tubes for ST, and at the inlet and the outlet of the 
HTF manifold for the heat pipes TES tanks. Also, the processes were 
video recorded with a full HD webcam USB 2.0, model BIOFUN Webcam 
1080P. The camera was placed directly above the latent heat TES tank 
(Fig. 4). 

The present experimentation consisted of performing in each TES 
system several charging and discharging processes at a constant flow 
rate of 0.05 ± 0.002 kg/s. To perform a loading process, the tank was 
cooled down until all sensors in direct contact with the PCM were set to 
15 ± 1 ◦C. Later the HTF inlet temperature was set at 45 ± 1 ◦C. The 
charge was considered finished when all sensors embedded in the PCM 
where at least at 30 ◦C. To proceed with the discharge, the TES tank was 
heated up to 40 ± 1 ◦C, the HTF inlet set at 15 ± 1 ◦C, and the discharge 
was considered done when all temperature sensors were below 20 ◦C. 

2.3. Uncertainties analysis 

The impact of the different measured parameter uncertainties on the 
calculated values was evaluated by performing an uncertainty analysis. 
This analysis was needed to validate the study. The uncertainties of the 
different monitored parameters are shown in Table 4. HTF specific heat 
and density were calculated following the correlations presented in Eq.1 
and Eq. (2) [35], and the heat transfer rate with Eq. (3): 

ρHTF = 1.38e− 5⋅T2
HTF − 5.63e− 3⋅T2

HTF + 3.6e− 3⋅T2
HTF + 1000 (1)  

CpHTF = 2.69e− 9⋅T4
HTF − 6.63e− 7⋅T3

HTF + 6.67e− 5⋅T2
HTF − 2.67e− 3⋅T1

HTF + 4.21
(2)  

QHTF = CpHTF⋅
(

ρHTF⋅v̇HTF

)

⋅ΔTHTF (3) 

By applying Eq. (4) to the different parameters [36], the un-
certainties of the HTF thermophysical properties (density and specific 
heat) as well as of the heat transfer rates were estimated. The uncer-
tainty was estimated at each registered time step, and then the mean 
value was used. Table 5 shows the average uncertainties of the HTF 
density specific heat, and power during the different processes carried 
out. 

Table 2 
Thermophysical properties of pure water at atmospheric pressure [35].  

Properties at 15 ◦C at 45 ◦C 

Density 999.1 kg/m3 992.2 kg/m3 

Dynamic viscosity 1.136 ⋅103N⋅s/m2 0.652 ⋅103N⋅s/m2 

Thermal conductivity 0.595 W/m⋅K 0.653 W/m⋅K 
Thermal expansion coefficient 15.073 ⋅105 1/K 38.530 ⋅105 1/K 
Specific heat 4.19 kJ/kg⋅K 4.18 kJ/kg⋅K  

Fig. 1. Schematic view of the experimental set-up usJose Migueled to perform the experimentation.  
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WR =

[(
∂R
∂x1

⋅wx1

)2

+

(
∂R
∂x2

⋅wx2

)2

+ ⋯ +

(
∂R
∂xn

⋅wxn

)2
]1/2

(4)  

being WR the estimated uncertainty in the final result, R the function 
which depends on the measured parameters, xn are the different inde-
pendent monitored parameters, and wx are the uncertainties associated 
to those independent parameters. 

2.4. Repeatability 

Along this study the different experiments were repeated three times 
following the same operating and boundary conditions, ensuring 
repeatability of results. Fig. 5 shows the mean HTF inlet, HTF outlet, and 
eight PCM temperatures, of the three repeated tests performed with the 
ST latent heat TES tank, as well as their standard deviations. The 
maximum standard deviations regarding the HTF inlet and outlet tem-
peratures (T_HTF_inlet and T_HTF_outlet) were 0.97 ◦C over 21.94 ◦C, 
and 1.02 ◦C over 19.13 ◦C. The maximum standard deviation found 
within the PCM Pt-100 was 2 ◦C over 28.97 ◦C during the charge 
(T7_mean). However, the deviation dropped to values lower than 1 ◦C in 
less than one minute. Within the others sensors the deviation behaved 

Fig. 2. Schematic overview and actual pictures of the different latent heat exchangers tested in the present study: (a) ST: Shell and tubes; (b) HP16_A: 16 mm Heat 
pipes; (c) HP10_A: 10 mm Heat pipes; (d) HP16_B: 16 mm Heat pipes; (e) HP10_B: 10 mm Heat pipes. 

Table 3 
Characteristics of the latent heat TES systems analysed and presented in this 
paper.   

ST HP16_A HP10_A HP16_B HP10_B 

Dimensions 
(length ×
depth × width) 

360 ×
85 ×
210 mm 

360 × 85 
× 210 
mm 

360 × 85 
× 210 
mm 

360 ×
85 ×
210 mm 

360 ×
85 ×
210 mm 

PCM storage 
dimensions 
(length ×
depth × width) 

250 ×
85 ×
210 mm 

250 × 85 
× 210 
mm 

250 × 85 
× 210 
mm 

185 ×
85 ×
210 mm 

185 ×
85 ×
210 mm 

Pipe material Copper Copper Copper Copper Copper 
Pipe diameter 16 mm 16 mm 10 mm 16 mm 10 mm 
Type of heat 

exchange 
system 

Shell and 
tubes 

Heat 
Pipes 

Heat 
Pipes 

Heat 
Pipes 

Heat 
Pipes 

Packing factor 0.703 0.718 0.897 0.720 0.836 
Heat transfer 

area 
1.25e-02 
m2 

1.46e-02 
m2 

8.64e-03 
m2 

1.16e-02 
m2 

6.75e-03 
m2 

PCM mass 2453.9 
± 0.5 g 

2505.6 
± 0.5 g 

2720.0 
± 0.5 g 

1910.4 
± 0.5 g 

1994.8 
± 0.5 g  
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similarly, being almost at every time below 1 ◦C. 

3. Results and discussion 

3.1. Temperature evaluation 

Fig. 6 shows the PCM mean temperature in the five different TES 
tanks. In the chart it can be seen that the fastest system was the ST which 
completed the charging process in 25.7 min; then the 16 mm heat pipe 
systems, HP16_B and HP16_A in 40.3 and 53.1 min respectively. The last 
ones were the 10 mm heat pipes HP10_B and HP10_A tanks, finishing at 
72 and 77 min, respectively (Fig. 6). When comparing HP16_A versus 
HP10_A, the second took 24 min longer, but 200 additional PCM grams 
were stuffed into the HP10_A TES tank due to the heat pipes diameter 
difference, supplying 52 additional kJ. Also, the heat pipes heat transfer 
surface was reduced over 60%. Both facts, made heat conduction within 
the PCM to have a greater impact in the process. To better understand 
how decisive was the surface reduction in the process, Section 3.2 an-
alyses the heat transfer rate per heat pipe surface area. It has to be 
pointed out that the ST tank showed the highest standard deviation 
(being 3.29 ◦C). The reason lies in how the PCM front melting evolved, 
following the HTF flowing. The process went laterally from the HTF inlet 
towards the HTF outlet, so the difference between the temperature 
sensors were higher than when using heat pipes. This behaviour was 
corroborated later by filming the melting process. 

To analyse the relevance of the heat transfer between the HTF and 

Fig. 3. PCM temperature sensors location (dimensions in mm).  

Fig. 4. Experimental set up: (a) thermocouples placement; (b) video recording set-up.  

Table 4 
Uncertainties of the different parameters involved in the analyses of the present 
study.  

Parameter Units Sensor Accuracy 

Temperature ◦C Pt-100 1/5 DIN class B ± 0.3 
Flow rate l/min Badger meter type ModMAG M1000 ± 0.3%  

Table 5 
Estimated uncertainties of the HTF thermophysical properties and power.  

Storage 
tank 

Density Specific heat Heat transfer rate 

[± kg/ 
m3] 

[± %] [± kJ/ 
kg⋅◦C] 

[± %] [± kW] [±
%] 

ST 2.96 
e− 2 

2.99 
e− 3 

1.87 e− 5 4.48 
e− 4 

2.35 
e− 2 

7.64 

HP16_A 2.97 
e− 2 

3 e− 3 1.91 e− 5 4.57 
e− 4 

2.36 
e− 2 

9.17 

HP10_A 3.09 
e− 2 

3.12 
e− 3 

2.06 e− 5 4.93 
e− 4 

2.39 
e− 2 

13.9 

HP16_B 2.92 
e− 2 

2.94 
e− 3 

1.86 e− 5 4.46 
e− 4 

2.34 
e− 2 

9.02 

HP10_B 3 e− 2 3.03 
e− 3 

1.94 e− 5 4.63 
e− 4 

2.36 
e− 2 

10.1  
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the heat pipes, as aforementioned, a secondary heat pipe configuration 
was designed and tested (HP16_B and HP10_B). B configuration enlarged 
the heat pipe length inside the HTF manifold, but the PCM tank had to be 
shortened to use the same heat pipes (same properties). B configuration 
heat pipes had higher surface in contact with the HTF, keeping the same 
packing factor as configuration A, but the PCM volume was reduced. By 
increasing the heat transfer surface inside the manifold by a 36.36%, 
HP16_B enhanced HP16_A, achieving the loading process 12.8 min 
faster (24.11%). On the other hand, this change in configuration 
regarding surface of heat pipes inside the manifold has less impact in 
case of using thinner heat pipes, as HP10_B only responded 7 min faster 
(6.49%) than HP10_A (Fig. 7). So, regarding the melting process time, 

inserting the heat pipes deeper into the HTF manifold had better results 
with the 16 mm heat pipes. When comparing HP16_B and HP10_B, Fig. 6 
shows that thinner heat pipes took 24 min (78.66%) longer. As stated 
above, this happens because of the extra PCM and the 60% lower heat 
pipe heat transfer surface. This analysis is complemented by the heat 
transfer rate assessment. 

Fig. 7 plots the PCM temperature profiles of every sensor during the 
experiments with the different latent heat TES tanks. It has to be pointed 
out that the time difference between the fastest and slowest temperature 
sensors to reach 30 ◦C was 18.6 min when using the ST tank. Higher than 
all the differences registered in the heat pipe tanks; which were 12.5, 
10.5, 11, and 8 min when loading HP16_A, HP16_B, HP10_A, and 

Fig. 5. HTF and PCM mean plus standard deviation profiles for reference latent heat TES system.  

Fig. 6. PCM mean temperature comparison among the five different latent heat TES systems during the charging process.  

J.M. Maldonado et al.                                                                                                                                                                                                                         
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HP10_B tanks, respectively (Fig. 7). This dispersion on the temperature 
shows that the charging process happened in the heat pipe systems more 
homogeneously. The reason lies in how the PCM melting front evolved 
in the ST tank following the HTF flow direction. The process went 
laterally from the HTF inlet region towards the HTF outlet, so the dif-
ference between the temperature sensors were higher than when using 
heat pipes. From the temperature results it could be seen that the phase 
change happened uniformly while using heat pipes. This homogeneous 
phase changing is useful to avoid hot zones, which could overheat the 
system, especially in high temperature applications. This behaviour was 

corroborated later by filming the melting process (Section 3.3. Visual 
analysis). The temperature gradient along the PCM pushes forward the 
melting process, since the natural convection mechanism is boosted. 
This effect, which benefits the ST latent TES tank, is hampered when 
implementing fins in the tank. Therefore, presumably the fin addition 
would have a greater impact if coupled with heat pipes. It has to be 
mentioned that sometimes solid PCM gets stuck to the temperature 
sensors, and when it drops the sensor reading shows a rapid increase as 
seen in Fig. 7b, c, and e. 

Fig. 7. PCM temperature profiles in the different latent heat TES tanks: (a) ST; (b) HP16_A; (c) HP16_B; (d) HP10_A; (e) and HP10_B. (f) Sensors distribution along 
the PCM tank. 

Fig. 8. Heat transfer rate comparison between the four different latent heat TES systems during the charging process.  
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3.2. Heat transfer rate comparison 

The heat transfer rate was calculated with the HTF inlet and outlet 
temperatures (Eq. (3)). Fig. 8 show the comparison in terms of power 
among the five different latent heat TES systems. ST latent TES showed 
higher heat transfer rate along almost the whole process. In the first 5 
min HP16_A, HP16_B, and HP10_B achieved higher peak values, but 
falling down below ST heat transfer rate during the rest of the experi-
ment. The power supplied by HP16_A, HP16_B, and HP10_B got muffled 
once the PCM around the heat pipes starts to rise its temperature (due to 
the low PCM thermal conductivity). As heat pipe required temperature 
gradient between tips (ΔTHP) to work; if the temperature of PCM around 
them keeps rising, because the heat conductivity along the PCM is very 
low, ΔTHP decreases. Lower ΔTHP means lower heat pipes power rates 
because the heat pipe working fluid mass flow is hampered, and 
consequently its heat transfer rate. The latter effect does not affect the ST 
tank, since the HTF mass flow is pumped. 

HP10_A showed the worst performance of all tanks (Fig. 8). By 
analysing it versus HP16_A and HP10_B, the results show two main 
parameters affecting the performance of HP10_A. The diameter of the 
heat pipe, and the length inside the HTF collector, which define the heat 
transfer surface of the heat pipe. Therefore, not only ΔTHP is relevant to 
make the heat pipe wok, but also enough heat transfer surface along in 
the heat pipe evaporator section is required. Otherwise, the heat pipe 
circuit may not even start, or reduce its performance. Those parameters 
constrain the HTF collector design. 

To analyse the influence of the heat pipes diameter, the power ratio 
per heat transfer surface area was plotted in Fig. 9. The chart presents 
that regarding the heat transfer rate per heat pipe area, HP10_B achieved 
the best performance among all systems. Since, HP10_B maintained 
higher rates throughout the charging process, also it reached two times 
the peak power of HP16_B, and two and a half times the peak power of 
ST. Moreover, HP16_A and HP16_B performed similarly, while HP10_A 
maintained the worst results. The results suggest that, in terms of power, 
it would be better to have the same heat transfer surface as HP16_B 
configuration, but adding more 10 mm heat pipes. That way, the gap 
among heat pipes in the PCM tank would be reduced, avoiding that ΔTHP 
decreased as said above; and also higher heat transfer rate from the HTF 
would be achieved. 

3.3. Visual analysis 

With the aim to better understand how the melting process occurs 
inside the latent heat TES tanks, the charging process was video recor-
ded. The footage allowed to qualitatively compare the five different 
thermal storage tanks. Fig. 10 shows all TES tanks at different charging 
stages, from completely solidified until totally molten. The different 
cases completed the loading process following the same pattern as 
shown by the PCM temperature analysis. Although, it has to be taking 
into account that the completing process time may differ from the 
temperature results. This happens because when controlling the process 
with temperature sensors you cannot ensure that the last portion of solid 
PCM is monitored by the installed sensors. 

In all studied situations, due to the solid PCM higher density, the 
solid PCM sank down to the tank bottom. Fig. 10 corroborated what 
observed in the ST tank on the previous Section 3, n-octadecane started 
to melt from the HTF inlet side, being the last solid PCM to be molten at 
the tank region closer to HTF outlet. Although being true that in some 
pictures, such as HP16_A at 30 and 60 min, one heat pipe has molten the 
PCM faster than the others, in general the process was uniform, and in 
each case more homogeneous than in the shell and tube TES tank 
(Fig. 10). As aforementioned, a homogeneous phase change avoids hot 
spot in the tank, being even more relevant in high temperature systems. 
Analysing Fig. 10 in detail, it can be observed that once the PCM around 
the 10 mm heat pipe is melted, the heat pipe heat release was focused on 
the tip. That effect was more prominent on the late stages of the HP10 
processes, images (Fig. 10, HP10_A and HP10_B from 60 to 180 min) 
show how the PCM was melted from the heat pipe tip towards the HTF 
manifold. As the small heat pipe could not release heat along their way 
to the tip, the inner working fluid travelled to the tip without yielding 
heat, where the condenser section is. 

3.4. Discharging process results 

The results obtained regarding discharging processes showed the 
same pattern. The fastest system to achieve the PCM solidification was 
the ST tank (129 min), followed by HP16_B (220 min), HP16_A (268 
min), HP10_B (380 min) and HP10_A (501 min). As the process was 
mainly driven by conduction it took longer than the charging one, as 

Fig. 9. Heat transfer rate per heat transfer surface area during the charging process.  
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stated in previous research [37]. Although the ST heat transfer rate was 
higher than the others, the difference between the ST and the heat pipes 
configurations in terms of power, was lower than along the charging 
process (Fig. 11). Once the PCM around the pipes, in each TES tank, 
solidifies, the PCM thermal conductivity took control of the process. 
Therefore, the natural convection induced in the PCM ST tank now did 
not boost the solidification process. When analysing the heat transfer 
rate per area, as observed during the charge, HP10_B showed higher 
rates (Fig. 12). 

4. Conclusions 

This paper experimentally investigates and compares the perfor-
mance of conventional shell and tubes latent TES, and novel heat pipes 
latent TES configuration. In total five latent heat TES tank were tested, 
four of them consisting on heat pipes. The goal is to assess the benefits 
and drawbacks of using heat pipes instead of a HTF flowing through a 
common pipe, unlike previous research which compared heat pipes and 
metal rods. Earlier studies showed that heat pipes were a better option 
than using solid metal rods in every aspect, but the heat pipes benefit in 

Fig. 10. Screenshots taken from the PCM melting videos. From top to bottom: shell and tubes, 16 mm heat pipes A, 10 mm heat pipes A, 16 mm heat pipes B, and 10 
mm heat pipes B. 

Fig. 11. Heat transfer rate comparison between the four different latent heat TES systems during the discharging process.  
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comparison with a shell and tubes system were not addressed. The re-
sults indicated that the use of heat pipes offered a loading process more 
uniform in terms of temperature but slower in terms of time. The ST 
latent TES tank temperature sensors showed almost 20 min gap between 
the first and the last sensor to finish the phase change process; while this 
gap was around 10 min in the heat pipes TES tanks. This fact was double 
checked with the video analysis of the processes. This effect can be 
useful to avoid hot zones, which could suffer a thermal shock, in the TES 
tank; being especially important when scaling up those systems at high 
temperatures. 

The PCM conductivity took control on the heat pipe working cycle, 
because unlike a shell and tube system, the mass flow along heat pipes 
requires a temperature gradient between their tips. However, before 
that happened it was observed that heat pipes have the potential of 
delivering more heat than the shell and tubes. So, as long as the tem-
perature gradient can be maintained as high as possible, heat pipes are a 
potential option to replace a shell and tubes system. This goal is difficult 
to achieve with low conductive PCMs, so an additional heat enhance-
ment technique, such as fins or nano-particles, must be used. 

Additionally, by modifying the heat pipe area inside the HTF mani-
fold, the results proved that this characteristic was really relevant. The 
HP10_B average heat transfer rate along the first 30 min was around 
30% higher than the HP10_B tank. However, doing the same comparison 
between HP16_B and HP16_A, that improvement was lower, around 5%. 
Therefore, enough heat pipe evaporator section area must be in contact 
with the HTF to start and maintain the heat pipe circuit, but once the 
heat pipe can absorb heat from the HTF the heat conductivity within the 
PCM tank was the limiting factor. The latter statement implies that this 
feature is decisive at system design stage. 

Also, this experimental assay gave proof that a bigger heat pipe does 
not necessarily mean better one. Smaller heat pipes (HP10_B) heat pipes 
were able to supply similar (but lower) amount of heat as the 16 mm 
ones (HP16_A and HP16_B); taking the first 30 min, the average power 
was almost 350 W by the HP10_B, and around 380 W by HP16_A and 
400 W by HP16_B. In terms of ratio between the power and heat transfer 
area, HP10_B achieved 60% better results than all the others latent TES 
tanks. Suggesting that it is better to increase the number of heat pipe 
instead of their size. 

This study allowed to stand out the advantages of installing a heat 

pipe system as heat transfer technique instead of a conventional shell 
and tubes system, pointing out the leads to be pursued. Future research 
will be focused in comparing the effect of fin addition to the studied 
configurations. So, the extent to which the fins improve the different 
systems could be experimentally tested. 
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[8] J. Gasia, L. Miró, L.F. Cabeza, Review on system and materials requirements for 
high temperature thermal energy storage. Part 1: General requirements, Renew. 
Sustain. Energy Rev. 75 (2017) 1320–1338, https://doi.org/10.1016/j. 
rser.2016.11.119. 

[9] M.S. Naghavi, K.S. Ong, M. Mehrali, I.A. Badruddin, H.S.C. Metselaar, A state-of- 
the-art review on hybrid heat pipe latent heat storage systems, Energy Convers 
Manage. 105 (2015) 1178–1204, https://doi.org/10.1016/j. 
enconman.2015.08.044. 
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