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a b s t r a c t 

Molten salt has been widely used in latent heat thermal energy storage (LHTES) system, which can be incorporated 
into hybrid photovoltaic/thermal solar system to accommodate the built environment. Solar salt (60 wt.% NaNO 3 

and 40 wt.% KNO 3 ) was employed as the phase change materials (PCMs) in this study, and both aluminum oxide 
(Al 2 O 3 ) nanopowder and metal foam were used to improve the properties of pure solar salt. The synthesis of the 
salt/metal foam composites seeded with Al 2 O 3 nanopowder were performed with the two-step and impregnation 
methods, and the composite PCMs were characterized morphologically and thermally. Then pure solar salt, the 
salt/2 wt.% Al 2 O 3 nanopowder and salt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopowder were 
encapsulated in a pilot test rig, respectively, where a heater of 380.0 W was located in the center of the LHTES 
unit. The charging and discharging processes of the LHTES unit were conducted extensively, whereas the heating 
temperatures were controlled at 240 °C, 260 °C and 280 °C respectively. Temperature evolutions at radial, angular 
and axial positions were recorded, and the time-durations and volumetric mean powers during the charging 
and discharging processes were obtained and calculated subsequently. The results show that physical bonding 
between Al 2 O 3 nanopowder and nitrate molecule has been formed from the morphological pictures together 
with XRD and FTIR curves. Slight changes are found between the melting/freezing phase change temperatures 
of the salt/metal foam composites seeded with Al 2 O 3 nanopowder and those of pure solar salt, and the specific 
heats of the salt/Al 2 O 3 nanopowder composite slightly increase with the addition of Al 2 O 3 nanopowder. The 
time-duration of the charging process for the salt/copper foam composite seeded with Al 2 O 3 nanopowder at the 
heating temperature of 240 °C can be reduced by about 74.0%, compared to that of pure solar salt, indicating that 
the heat transfer characteristics of the LHTES unit encapsulated with the salt/copper foam composite seeded with 
Al 2 O 3 nanopowder can be enhanced significantly. Consequently, the mean volumetric powers of the charging 
process were distinctly enhanced, e.g., the volumetric mean power of heat storage can reach 110.76 kW/m 

3 , 
compared to 31.94 kW/m 

3 of pure solar salt. However, the additive has little effect on the volumetric mean 
power of heat retrieval because of the domination of natural air cooling. 
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. Introduction 

Rapid fossil-fuel depletion and the disturbing environmental pollu-
ion coming from fossil-fuel usage make energy as an increasingly im-
ortant topic. To alleviate energy crisis, considerable attention has been
ttracted to enabling exploitation of energy from alternative sources
uch as solar thermal energy and wind energy [1] . Hybrid photo-
oltaic/thermal (PV/T) solar systems are always used in the Low Carbon
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nd Green Building, so as to accommodate the built environment [2] .
he combination of light and thermal storage technology in PV/T system
an reduce the constraints of many factors such as season, geography,
eather and climate in the conversion process of solar energy as natural

enewable energy. Thus solar energy storage has received growing at-
ention, as it is a good solution to store the thermal energy considering
he time dependence of solar energy availability [3] . Latent heat thermal
nergy storage (LHTES) is a proven technology with small temperature
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Nomenclature 

c p specific heat (kJ/(kg·K)) 
d diameter (m) 
E Energy (kJ/kg) 
m mass (kg) 
𝑃 mean power (kW) 
𝑃 𝑉 volumetric mean power (kW/m 

3 ) 
r Radius (m) 
T temperature (°C) 
t time (s) 
V volume (m 

3 ) 
z position of thermocouple (mm) 

Subscript 

c charging 
d discharging 
i inner 
o outer 
PCM phase change material 

ariation, which prominently improves the stabilities and efficiencies of
nergy systems [4] . 

Molten salts as phase change materials (PCMs) have been consid-
red as storage media in solar energy applications, and widely studied
or their moderate phase transition ranges and attractive structural and
hermal properties. However, the main issue of molten salt is its low
hermo-physical properties such as thermal conductivity and specific
eat. Many techniques are addressed the issues of low thermal conduc-
ivity and specific heat of pure molten salt such as dispersing nanoparti-
les into the salt. Nanoparticle with a higher surface energy is dispersed
n molten salt, i.e. forming a nano-salt, which maintains the specific heat
n most cases. Many researchers measured the thermo-physical prop-
rties of nano-salt samples and in most cases apparent improvements
ere obtained [5–15] . Zhang et al. [5] synthesized the photo-driven
CMs using a sol-gel method, where the microencapsules consider paraf-
n as the core and Ti 4 O 7 nanoparticles-modified SiO 2 as the shells. It
as found that the thermal energy storage capacity and thermal con-
uctivity of the microcapsules were greatly enhanced to 169.52 kJ/kg
nd 1.322 W/(m·K), respectively. Finally the photo-thermal storage effi-
iency of the microcapsules was up to 85.36%, indicating that the micro-
apsules were good solar energy storage media in practical applications.
ie et al. [6] investigated the thermal properties of solar salt homoge-
eously dispersed with graphene nanoplatelets (GNP). It was found that
he specific heat increased by 16.7% when the concentration of GNP
as 1 wt.%. Navarrete et al. [7] characterized the composite fabricated
y solar salt and Al-Cu alloy nano-encapsulated layer. It pointed out that
he total energy storage can be increased owing to the contribution of
he latent heat storage of the nano-encapsulated PCM. Chieruzzi et al.
8] experimentally studied the thermo-physical properties of nanoflu-
ds, which were obtained from solar salt with different mass fractions
0.5 wt.%, 1.0 wt.% and 1.5 wt.%) and types (SiO 2 , Al 2 O 3 and TiO 2 )
f nanoparticles. The results indicated that the addition of 1.0 wt.% of
anoparticles into the base salt could increases the specific heats by 15–
7% and 1–22% in the solid and liquid phases, respectively. Li et al.
9] extensively studied the specific heats of the molten nano-salt, which
as composed of KNO 3 -Ca(NO 3 ) 2 ‧ 4H 2 O and SiO 2 nanoparticles with
ifferent diameters and mass fractions. When the mass fraction and size
f SiO 2 were 1% and 20 nm, respectively, the specific heat of the molten
alt nanofluid increased by 17.8%, and the average thermal conductiv-
ty increased by 20.2%. Madathil et al. [10] prepared the nanoparticle-
ncorporated molten salts with KNO 3 -Ca(NO 3 ) 2 -LiNO 3 and MoS 2 /CuO
anoparticles, then the thermo-physical properties were systematically
nvestigated. The results revealed that the specific heat and thermal con-
uctivity of the nano-salt with the addition of 0.5 wt.% MoS showed
2 

75 
n increment of 20% and 18%, respectively. Seo and Shin [11] studied
he influences of SiO 2 nanoparticles with different sizes on the specific
eat of ternary nitrate salt eutectic (LiNO 3 –NaNO 3 –KNO 3 ). It was found
hat the specific heats of the nano-salts were increased by 13–16%, and
everal nanometer-sized structures were formed by the salt compound
round nanoparticles. Tian et al. [12] mixed magnesium (Mg) nanopar-
icles with ternary salts (Li 2 CO 3 -NaCO 3 -K 2 CO 3 ), and studied the mi-
rostructures and thermal behaviors of the salt/magnesium composites
CPCM). The ladry leaf-like structure with some curly edges represent-
ng the large specific surface area was found in the SEM pictures, and the
easured thermal conductivities of CPCM with 0.1–2 wt. % Mg loading
ere in the range of 1.59–1.93 W/(m·K), indicating about 19.55–45.11%
igher than pure ternary salt of 1.33 W/(m·K). Besides the experimen-
al investigations of thermo-physical properties of nano-salts, numerical
nvestigations were also conducted to broaden the research. Hu et al.
13] prepared solar salt-based SiO 2 nanofluids with a lyophilizer, and
umerically investigated the heat transfer performances with the Lat-
ice Boltzmann Method (LBM). The results indicated that the specific
eat, heat transfer coefficient and Nusselt number could be enhanced
y 26.8%, 8.58% and 7.29%, respectively, with 1.0 wt.% SiO 2 nanoflu-
ds. Yuan et al. [14] numerically investigated the effects of single-walled
arbon nanotubes on specific heat of Li 2 CO 3 -K 2 CO 3 , both with Electric
ouble-Layer modeling and Molecular Dynamics. The results showed

hat the enhancement of specific heat could be attributed to the increase
f the internal energy of the nano-salt ensemble, which was caused by
he promotion of the positive and negative charges, and the maximum
nhancement of specific heat can be achieved to 19.2%. Hassan and
anerjee [15] developed a machine learning model to predict the spe-
ific heats of molten salt seeded with silica, alumina and titania nanopar-
icles. Multilayer perceptron neural network was used to optimize the
eatures of the model, where the temperature, mass fraction and nomi-
al size of the nanoparticles were considered as the inputs. 

However, it can be seen that the thermal conductivities of nano-
alts are around 1 W/(m·K), far from the real application of high per-
ormance of energy storage. Porous metal foam with abundant spe-
ific surface area, attractive mechanical strength and highly-conducting
keletons have been extensively studied to enhance the heat transfer
f PCMs [16–24] . Xiao et al. [16] investigated the composite PCMs
abricated by paraffin and copper/nickel foams with different porosi-
ies and pore sizes. For copper foam, the results revealed a largest ef-
ective thermal conductivity of 16.01 W/(m·K) with 89% porosity and
.0 mm pore size; for nickel foam, the largest effective thermal conduc-
ivity was 2.33 W/(m·K) with 91% porosity and 1.0 mm pore size. Xiao
t al. [17] physically mixed 98 wt.% sodium acetate trihydrate (SAT)
nd 2 wt.% xanthan gum (X) firstly, then the SAT/X composite was im-
regnated into copper foam (CF) with the saturated mass fraction of
7.2 wt.% using a vacuum impregnation method. The thermal conduc-
ivity and latent heat of the SAT/X/CF composite were 176% larger and
.9% lower, respectively, in comparison with those of pure SAT, while
he composites showed good thermal stability after thermal cycling of
00 times. Wang et al. [18] synthesized cetyl palmitate (CP) with binary
ixture of 1-hexadecanol (HD) and palmitic acid (PA) and made a series

f CP/nickel foam CPCMs. Test results showed that the thermal conduc-
ivity of CPCM fabricated by 100 PPI nickel foam could be increased by
early 5 times, and the thermal stability and reliability of the CPCMs
ere desirable. Furthermore, the performances of the systems encap-

ulated with the composite PCMs fabricated by metal foam were also
xtensively investigated, both with experimental set-ups and numerical
odels. Zhang et al. [19] experimentally and numerically investigated

he heat transfer characteristics of the eutectic salt in a high tempera-
ure LHTES unit with and without metal foam. It was found that heat re-
rieval process dominated by heat conduction was considerably acceler-
ted in the case of eutectic salt/metal foam composite PCM. Wang et al.
20] experimentally investigated the thermal performance of lab-scale
hell-and-tube LHTES units for solar energy storage, which were filled
ith A153 PCMs and homogenous/gradient porosity copper foam. The



X. Xiao, H. Jia, D. Wen et al. Energy and Built Environment 4 (2023) 74–85 

r  

r  

s  

w  

w  

t  

d  

c  

v  

o  

i  

t  

w  

f  

s  

w  

t  

d  

t  

o  

t  

a  

o  

h  

e
 

l  

e  

b  

a  

e  

h  

v  

o  

t  

c  

n  

t  

s  

n
 

s  

s  

t  

i  

t  

a  

a  

a  

m  

p  

m  

o  

T  

w  

s  

t  

l  

a  

m  

t  

i  

i  

a  

i  

v

Fig. 1. Synthesized process of salt/metal foam composites seeded with Al 2 O 3 

nanopowder. 
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esults showed that the application of gradient porosity copper foam can
educe the melting time by 37.6%. Cozzolino et al. [21] experimentally
tudied the thermal behaviour of a tube-in-tank thermal energy system,
hich was composed of sixteen U-tubes and copper foam impregnated
ith PureTemp 68. The results indicated that the inlet temperature of

he heat transfer fluid (HTF) affected more significantly on the time-
uration and peaks magnitude of directional temperature derivative, in
omparison with that of the flow rate. Dinesh and Bhattacharya [22] de-
eloped a generalized geometry creation model to investigate the effects
f foam pore size, pore-to-pore overlap and overall porosity on the melt-
ng of PCM and energy absorption. Considering the individual pores of
he metal foam, the results indicated that energy storage rate increased
ith the reduced pore size, and the pore overlap and overall porosity af-

ected energy absorption to some extent. Caliano et al. [23] numerically
tudied the charging and discharging processes of the biological PCM
ith and without aluminum foam. The sensitivity study indicated that

he temperature range and effective viscosity of mushy zone affected the
ischarging process apparently. Mousavi et al. [24] numerically studied
he effects of PCMs incorporated with copper foam on the performances
f a PV/T system. The results showed that the exergy of the PV/T sys-
em of PCMs incorporated with copper foam was significantly higher,
nd the electrical efficiency was enhanced by 2.3%, in comparison with
ther systems. The addition of metal foam is a good promoter to en-
ance the PCMs, however, it might decrease the specific heat to some
xtend, i.e., the storage capacity of the system. 

Thus the combination of metal foam and nanoparticles is a good so-
ution to enhance the thermo-physical properties of pure salts or oth-
rs [25–29] . Ren et al. [26] developed an enthalpy-based immersed
oundary-LBM to investigate the melting characteristics of a heat pipe-
ssisted LHTES unit, which was encapsulated with Li 2 CO 3 -K 2 CO 3 salt
nhanced by copper nanoparticles-copper foam. The effectiveness of en-
ancing the melting characteristics was studied comparatively under
arious combinations, and it was demonstrated that the enhancement
n the thermal performance by inserting metal foam is more effective
han that by adding nanoparticle. Mahdi et al. [27–29] developed a
ompound porous-foam/nanoparticles enhancement technique to sig-
ificantly improve the melting and freezing processes of the PCM in a
riplex-tube heat exchanger, and established a mathematical model con-
idering the non-Darcy effects of porous foam and Brownian motion of
anoparticles. 

It can be seen from afore-mentioned studies that majority of the re-
earches focus on the thermo-physical properties of nano-salt in a small
cale. Although there are several studies of the heat transfer charac-
eristics of the composite PCMs (PCM with EG or metal foam), a crit-
cal action of the experimental investigations of nano-salt needs to be
aken forward, that is, the thermal response of the composite PCMs in
 LHTES unit. Furthermore, the thermal performances of nano-salt with
nd without porous media have seldom been reported, it is indispens-
ble to combine the advantages of using nanoparticles and high-porosity
etal foams together to enhance the PCMs in LHTES applications. In the
resent study, aluminium oxide nanopowder (Al 2 O 3 ) were doped into
olten solar salt (NaNO 3 :KNO 3 = 60:40) solvent with two-step meth-

ds firstly, and metal foam was impregnated with the former nano-salt.
he morphological and thermal characterization of the composite PCMs
ere performed with various devices, such as Scanning Electron Micro-

cope (SEM), X-ray diffraction (XRD), Fourier Transform Infrared Spec-
rometer (FT-IR) and Differential Scanning Calorimeter (DSC). Then so-
ar salt, nano-salt (solar salt seeded with 2 wt.% Al 2 O 3 nanopowder)
nd nano-salt/copper foam composite were considered as the storage
edia and tested with a pilot experimental rig, which was already used

o study the performances of HITEC salt and its composite PCMs prelim-
narily [30] . The charging and discharging tests were conducted at var-
ous heating temperatures. The temperature distributions of the PCMs
t different locations were measured, including radial, angular, and ax-
al locations, while the heat transfer characteristics together with the
olumetric mean powers of the LHTES unit were revealed extensively. 
76 
. Experimental rig and procedure 

.1. Synthesis and characterization of composite PCMs 

NaNO 3 (Honeywell Fluka, UK) and KNO 3 (Acros Organics, UK) with
he purity of 99.0 % were uniformly mixed with the mass ratio of 60:40
o make solar salt. Al 2 O 3 nanopowder (40–80 nm APS, Nanostructured
 Amorphous Materials Inc., US) and metal foam (Kunshan Jiayisheng
lectronics Co. Ltd., CN; porosity: 95.0%; pore size: 10 PPI) were used
o improve the thermo-physical properties of pure solar salt. The syn-
hesized process of solar salt/metal foam composites seeded with Al 2 O 3 

anopowder was shown in Fig. 1 , which is similar to the previous study
f HITEC salt/metal foam seeded with Al 2 O 3 nanopowder [30] . Solar
alt and Al 2 O 3 nanopowder with certain mass fractions (1%, 2% or 3%)
ere wholly dissolved into deionized water to make the solution, which
ere stirred and sonicated with an ultrasonicator (FB15057; power:
00.0 W; frequency: 37 kHz) for almost one hour. Then nickel/copper
oam was physically immersed in the former solution filled in a stainless-
teel disc, also with the sonication of 10 min. Subsequently an eurotherm
ven (Carbolite Sheffield, UK) was used to heat the final solution at
50 °C to evaporate the water and melt the salt, so as to ensure the
mpregnation process. Finally the disc filled with the salt/metal foam
omposites seeded with Al 2 O 3 nanopowder was taken out and naturally
ooled at 30 °C for 2 min. The composite PCMs were separated from the
isc, and slightly polished. 

The morphologies of the composites were characterized by table-
op Microscope TM3030Plus (Hitachi High-Technology, Japan). FT-IR
erkin Elmer device (Thermo Scientific, NICOLET iS10) and D8 powder
iffractometer (XRD, Bruker, UK) were used as the supplement of the
omponent analysis, including the chemical bonding, molecular struc-
ure and degradation effect of the specimens. Infrared light with the
ave length between 400 cm 

− 1 and 4000 cm 

− 1 was transmitted into
he specimens, and the transmittance was recorded during the mea-
urement with FT-IR. On the other hand, XRD using Cu-Ka radiation
 𝜆 = 1.5418 Ȧ ) were performed with the voltage and current of 40 kV
nd 40 mA, respectively. The specimens were put into the sample holder
nd scanned over the range from 10 to 60 o with a step size 0.035 o at
otal scanning time of 45 min. 

To characterize the phase change behaviors of the composite PCMs,
ll the specimens were undergone the melting–freezing cycles with
 Mettler-Toledo DSC (Mettler Toledo Ltd., Leicester, UK). The heat-
ng and cooling processes were conducted within 100–300 °C at the
ates of 5 °C/min. The tests were repeated and the average values of
hree melting-freezing cycles were used to characterize the extrapolated
nset temperatures, peak temperatures and latent heats of solar salt,
alt/Al 2 O 3 nanopowder nanocomposite (nano-salt) and salt/metal foam
omposite seeded with Al 2 O 3 nanopowder. In addition, the specific
eats were measured with another heating procedure, that is, isother-



X. Xiao, H. Jia, D. Wen et al. Energy and Built Environment 4 (2023) 74–85 

Fig. 2. LHTES unit and the location of thermocouples [30] . (a) LHTES unit (b) thermocouples. (unit: mm). 
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al at 100 °C for 10 min, heating from 100 °C to 300 °C with the rate
f 25.0 °C/min and kept constant at 300 °C for 10 min. Then the mul-
iple curving methods were used to calculate the specific heats of the
pecimen, including empty crucible curve, sapphire curve and speci-
en curve [31–33] , indicating that the calculation was based on those

f sapphire already known. 

.2. Experimental test rig set-up 

Fig. 2 (a) shows the schematic and section of the cylindric LHTES
nit, which was with a height of 300.0 mm and an outer diameter of
00.0 mm. A cartridge heater worked as heat source was located in the
nner pipe made of the stainless steel with a diameter of 25.0 mm, while
he surroundings were encapsulated with PCMs. The power supplied to
he heater was about 380.0 W and conducted by a Varaic connected to
he PC, which was via control system using LabVIEW software. Various
hermocouples (type K with a diameter of 3.0 mm) with the uncertainty
f 0.5 °C were inserted at different locations inside the LHTES unit, as
hown in Fig. 2 (b). It can be seen that those thermocouples include vari-
us radial, angular and axial locations, i.e., the distances from the centre
f the heater at radial direction were 22.5 mm, 27.5 mm, 32.5 mm and
7.5 mm, respectively. The thermocouples labelled with T D2, T D3, T D4
nd T D5 were located in the middle axial positions, i.e., Z = 150 mm,
nd others labelled with T 3, T 4 and T 5 were located in the lower axial
ositions, i.e., Z = 125 mm. Additionally, T 4, T 4’, T 4’’ and T 4’’’ located
n four angular directions and same axial positions were used to check
he homogenous heat transfer of the PCMs. T 6 in the farthest radial di-
ection were at the deepest point ( r = 47 mm, Z = 25 mm). In order
o minimize the heat loss of the LHTES unit, the unit was fully covered
ith multi-layer thermal insulation and radiant shielding (aluminium fi-
re) materials. Because of the safety requirement during melting of salt,
 safety pressure relief valve was added to ensure that no pressure was
uilt up inside the unit. 

.3. Experimental procedure and uncertainty analysis 

The LHTES unit was filled with solar salt, salt/2 wt. % Al 2 O 3 

anopowder nanocomposite (nano-salt), salt/copper foam composite
eeded with 2 wt. % Al 2 O 3 nanopowder (nano-salt/copper foam com-
osite), respectively. In order to accommodate the thermal expansion
f pure solar salt, only 90.0 vol.% of the LHTES unit was filled with
ure solar salt, i.e., the amount in three cases were 2500 g, and 2250 g
77 
nd 2000 g, respectively. As a result, the nano-salt and nano-salt/copper
oam composite encapsulated in the LHTES unit were 2295 g and 2676 g,
espectively. 

The charging experiments were conducted with the controlled heat-
ng temperatures set at 240 °C, 260 °C and 280 °C for solar salt and
ts composites, respectively, when the entire LHTES unit was initially
t a room temperature of 10–30 °C. During the charging process, the
ontrolled heating temperature represents the maximum value of ther-
ocouple T 5, which increases slightly because of the heater. As a result,

he heater is stopped working when T 5 reaches the controlled heating
emperature such as 240 °C, 260 °C or 280 °C, respectively. The discharg-
ng experiments were started after the LHTES unit mainly reached the
eating temperatures, and the whole unit was cooled down naturally at
 surrounding temperature of about 10–20 °C subsequently. The vari-
tion of the surrounding temperature was caused by the temperature
uctuation of the ventilating cabine. In the meantime, the temperature
volutions of all thermocouples were instantly recorded with a time in-
erval of 1.4 s once the tests were performed, where the interval was
etermined by a program in Labview software. Similarly, the temper-
ture evolutions during the charging and discharging processes were
resented under the second thermal cycle, as a first thermal cycle was
ade to remove the air in salt powder. 

In the present study, the uncertainty of the temperature evolution
as determined to be 2.02% using the uncertainty propagation analysis.
onsidering the uncertainties of the mass of the PCM, the specific heat of
he PCM and the time-duration were 0.5%, 0.5% and 1.0%, respectively,
he overall uncertainty of the volumetric mean power was determined
o be 2.36% with the following formula. 

𝛿𝑃 𝑉 

𝑃 𝑉 
= 

√ √ √ √ 

(
𝛿𝑚 

𝑚 

)2 
+ 

( 

𝛿𝑐 𝑝 

𝑐 𝑝 

) 2 
+ 

(
𝛿𝑇 

𝑇 

)2 
+ 

(
𝛿𝑡 

𝑡 

)2 
(1) 

.4. Volumetric mean power 

Similarly to the previous studies [ 30 , 33 ], the specific heats of pure
alt and composite PCMs were taken as a function of the temperature
33] , and the apparent specific heat integrated with latent heat account-
ng for the phase change process was adopted in the present study. Be-
ause the summation of the latent and sensible energy stored by the
CMs indicated the energy absorbed by the LHTES unit, the apparent
pecific heat together with the mass of the PCMs were used to deter-
ine the total energy. Thus the energy and volumetric mean powers of
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2  

L  
he LHTES unit during the charging process were calculated as follows,
espectively: 

 𝑐 = 𝑚 𝑃𝐶𝑀 ∫
𝑇 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

40 
𝑐 𝑝,𝑃𝐶𝑀 

𝑑𝑇 (2)

̄
 𝑉 − 𝑐 = 

𝐸 𝑐 

𝑡 𝑐 𝑉 
(3)

here t c denotes the time-duration of heat storage from 40 °C to the
eating temperatures, V denotes the volume of the LHTES unit. The en-
rgy and volumetric mean powers of the LHTES unit during the dis-
harging process were calculated as follows, respectively: 

 𝑑 = 𝑚 𝑃𝐶𝑀 ∫
𝑇 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

𝑇 𝑒𝑛𝑑 

𝑐 𝑝,𝑃𝐶𝑀 

𝑑𝑇 (4)

̄
 𝑉 − 𝑑 = 

𝐸 𝑑 

𝑡 𝑑 𝑉 
(5) 

here t d denotes the time-duration of heat retrieval from the heating
emperatures to the end temperatures, indicating an adjustment as the
nitial temperatures during the discharging process were a little larger
han the controlled heating temperatures. Furthermore, in order to un-
erstand the optimal temperature difference between the end and sur-
ounding temperatures for the real application, the end temperatures
uring the discharging process were set at 50 °C, 100 °C and 150 °C,
espectively. 

. Results and discussion 

.1. Morphology and thermal characteristics of composite PCMs 

Fig. 3 shows the SEM images of salt/2 wt.% Al 2 O 3 nanocomposite,
alt/nickel foam composite seeded with 2 wt.% Al 2 O 3 nanopowder and
alt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopowder.
he rugged surface in Fig. 3 (a) was caused by the shrinkage of salt
uring freezing, because the density of solar salt in solid state is larger
han that in liquid state. However, the phenomenon of the shrinkage is
ot obvious in Fig. 3 (b) and (c). The possible reason is that metal foam
an provide good supporting for the nanocomposites. Normally, Al 2 O 3 

anopowder can mix well with the salt, and the salt/Al 2 O 3 nanocom-
osites are totally compatible with metal foam. 

Fig. 4 shows the XRD and FT-IR analyses of solar salt, salt/Al 2 O 3 

anocomposites and salt/metal foam composite seeded with Al 2 O 3 

anopowder, which can determine the crystal structures of the mate-
ials. It can be seen from XRD analysis in Fig. 4 (a) that pure salt and
ll composite PCMs have no obvious difference of intensity peaks. With
he addition of metal foam, several extra characteristic peaks are gen-
rated on the surface as shown in the rectangular region. However, the
haracteristic peaks shows no significant change with the addition of
l 2 O 3 nanopowder, which is believed to be due to the formation of the
hysical bonding between Al 2 O 3 nanopowder and nitrate molecule dur-
ng the synthesis process. It can be seen from Fig. 4 (b) that the FT-IR
bsorption spectra are practically the same for all the specimens, indi-
ating that the existence of the physical bonding of Al 2 O 3 nanopowder
ith nitrate molecule inherently does not disturb the chemical structure

nteraction for chemical stability. 
Fig. 5 shows the variations of the phase change temperatures of solar

alt, salt/Al 2 O 3 nanocomposite and salt/metal foam composite seeded
ith Al 2 O 3 nanopowder. The addition of Al 2 O 3 nanopowder slightly
ffects the phase change temperatures of pure solar salt, with the maxi-
um deviation of the peak melting/freezing phase change temperatures

f 0.68 °C. The combined effects of Al 2 O 3 nanopowder and metal foam
nduce the variation of phase change temperatures of the salt/metal
oam composites seeded with 2 wt.% Al 2 O 3 nanopowder, e.g., the ex-
rapolated onset melting temperature of the salt/copper foam compos-
te seeded with 2 wt.% Al 2 O 3 nanopowder shifts from 220.82 °C to
78 
17.30 °C, while the extrapolated onset freezing temperature shifts from
27.45 °C to 230.06 °C, compared with those of solar salt. The early oc-
urrence of phase change can be attributed to the good combination and
ispersion performance of the salt and nanoparticles/metal foam, and
he promotion of the good thermo-physical properties of nanoparticles
nd metal foam. 

Fig. 6 shows the examples of the apparent specific heats of solar salt,
alt/Al 2 O 3 nanocomposites, salt/metal foam composites seeded with
l 2 O 3 nanopowder, which will be used to calculate the energy and mean
ower of the LHTES unit. Table 1 also lists the specific heats of so-
ar salt and composite PCMs. It can be seen that the specific heats of
he nano-salts slightly increase with the addition of Al 2 O 3 nanopow-
er in solid state, in comparison with that of pure salt. However, the
pecific heats of the salt/metal foam composites apparently decrease as
he specific heats of nickel or copper are lower than that of pure salt.
s a result, because of the addition of Al 2 O 3 nanopowder, the specific
eats of the salt/metal foam composites seeded with Al 2 O 3 nanopow-
er show with slight increment, compared to those of the salt/metal
oam composites, e.g., the specific heat of the salt/copper foam compos-
te seeded with 2 wt.% Al 2 O 3 nanopowder is 1.6895 kJ/(kg·°C), while
hat of the salt/copper foam composite is 1.5921 kJ/(kg·°C). The reason
s due to the nanometer-sized structure formed by the salt compound
round Al 2 O 3 nanopowder, which amplifies the effect of surface en-
rgy on the effective specific heat [35] . Furthermore, considering the
onger period of the sensible heat storage for solar salt (usually from
oom temperature to 200 °C), the sample with the addition of 2 wt.%
l 2 O 3 nanopowder which has the largest specific heat in solid state will
e used as the study object in the following systematic tests. 

.2. Diverse controlled heating temperatures 

Fig. 7 shows the temperature evolutions for pure solar salt at differ-
nt heating temperatures. The charging process can be accelerated with
he higher controlled heating temperature, e.g., the charging times are
4938 s and 9002 s at the heating temperatures of 260 °C and 280 °C,
espectively. This is due to large temperature difference between the
CMs and inner heater leads to the enhanced heat transfer. The lower
emperature of point T 6 shown in elliptical regions in Fig. 7 is due to
he contact with the lateral surface of the LHTES unit, which causes heat
oss from the lateral surface of the LHTES unit accordingly. 

It can be seen from Fig. 7 (I) that thermocouples at Z = 150 mm ( TD 3,
D 4 and TD 5) show a higher melting characteristics than Z = 125 mm
 T 3, T 4 and T 5), e.g. the temperatures of T 3, T 4 and T 5 are 192.52 °C,
76.82 °C and 176.86 °C, respectively, while those of TD 3, TD 4 and TD 5
re 214.29 °C, 207.96 °C and 204.58 °C at the heating temperature of
60 °C and time of 5000 s. The heat transfer depends on the conduction
t the starting period, then natural convection appears as soon as the
hase change starts. The buoyancy effect induced by the gravity would
esult in the higher melting characteristics of points TD 3, TD 4 and TD 5.
here are slight differences among T 4, T 4’, T 4’’ and T 4’’’, as shown in
ectangular regions in Fig. 7 (I). Those minor differences could be at-
ributed to the following reasons. On one hand, the shrinkage of PCMs
uring freezing might cause several cavities inside the PCMs region, in-
ucing the temperature difference during the charging process while
he salt is still in solid state. However, the temperatures of T 4, T 4’, T 4’’
nd T 4’’’ are almost the same while the salt is totally in liquid state. On
he other hand, the positions of the four thermocouples might not be at
he exact radial and axial positions, slightly affecting the comparisons
mong those test points. In general, the heat transfer seems homogenous
t the same radial and axial positions. 

Fig. 7 (II) shows the temperature evolutions during the discharging
rocess. The whole process is very slow, and a flat region at about 100 °C
epresent the solid-solid phase change. The discharging times are about
2574 s and 42003 s when the starting temperatures are 260 °C and
80 °C, respectively. On one hand, the natural air cooling outside the
HTES unit dominated the whole process induce large thermal resis-
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Fig. 3. SEM images of solar salt/Al 2 O 3 nanopowder with and without metal foam. (a) salt/2 wt.% Al 2 O 3 nanopowder [34] (b) salt/nickel foam composite seeded 
with 2 wt. % Al 2 O 3 nanopowder (c) salt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopowder. 

Fig. 4. XRD (a) and FT-IR (b) analyses of solar 
salt and composite PCMs. 
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Table 1 

Specific heats of solar salt and composite PCMs. 

Specific heat (kJ/(kg·°C)) Solar salt + Al 2 O 3 Solar salt/nickel 
foam 

Solar salt/copper 
foam 

Solar salt /2 wt.% 

Al 2 O 3 /nickel foam 

Solar salt /2 wt.% 

Al 2 O 3 /copper foam 

1 wt.% 2 wt.% 3 wt.% 

Solid state (150-200 °C) 1.8300 1.8532 1.8622 1.7986 1.7215 1.5921 1.7284 1.6895 
Liquid state (260-290 °C) 1.6765 1.5586 1.5440 1.6487 1.5674 1.4391 1.5324 1.4879 

Fig. 5. DSC curves of solar salt and composite PCMs. 
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Fig. 6. Apparent specific heats of solar salt and composite PCMs. 
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ance. On the other hand, the fluctuation of the inner temperature of
he ventilating cabin in the lab would slightly affect the discharging
rocess. 

.3. Comparison of pure salt and composite PCMs 

The temperature evolutions and distributions of solar salt and com-
osite PCMs are shown in Fig. 8 , both for the charging and discharging
rocesses. It can be seen from Fig. 8 (a-I) and (a-II) that the temperature
f TD 3, TD 4 and TD 5 increase more quickly than those of T 3, T 4 and
 5 respectively, which are caused by natural convection of pure salt as
D 3, TD 4 and TD 5 are above and with the same radial and different ax-
al positions. With the addition of Al 2 O 3 nanopowder and copper foam,
he temperature could raise faster, e.g., the temperatures for TD 4 are
66.55 °C, 214.86 °C, 235.60 °C at 3000 s for pure solar salt, salt/2 wt.%
l 2 O 3 nanopowder and salt/copper foam composite seeded with 2 wt.%
l 2 O 3 nanopowder, respectively. Only the temperatures of thermocou-
les above 50 °C in the discharging process are shown in Fig. 8 (b). The
ischarging process is relatively slow as natural air cooling dominates
he whole process, which induces large thermal resistance. Furthermore,
t can be seen that slight difference appears between T 3, T 4, T 5 and TD 3,
D4, TD5 during the whole discharging process. 

If points T 3, T 4 and T 5 are chosen as the representative thermocou-
les, a detailed comparison of temperature evolutions and distributions
f solar salt and composite PCMs is shown in Fig. 9 . As the phase change
80 
emperature of solar salt is about 220 °C shown in Fig. 5 , the heat con-
uction dominates a large portion of the whole charging process when
he controlled heating temperature is 240 °C. As a result, the tempera-
ure of T 3 increases more quickly than those of T 4 and T 5 for all three
inds of materials. However, there is no obvious difference between T 4
nd T 5, especially for pure solar salt and salt/2 wt.% Al 2 O 3 nanopow-
er. The possible reason is that points T 4 and T 5 is far from the inner
eater, and natural convection appears to some extent during melting
f solar salt. In addition, temperature of T 4 increases a little slower than
hat of T 5 for the salt/copper foam composite seeded with 2 wt.% Al 2 O 3 

anopowder, which is due to the high conductive property of copper
keleton. In all, the improvements in temperature distributions over time
ainly attribute to the enhancement of the thermal conductivity of the

omposite PCMs. It can be seen from Fig. 9 (a) that the time-durations of
he salt/2 wt.% Al 2 O 3 nanopowder, salt/copper foam composite seeded
ith 2 wt.% Al 2 O 3 nanopowder for heat storage are considerably re-
uced. The charging times are 18011 s, 11760 s and 4683 s for so-
ar salt, salt/2 wt.% Al 2 O 3 nanopowder, salt/copper foam composite
eeded with 2 wt.% Al 2 O 3 nanopowder, indicating a reduction of the
ime-duration by 34.7% and 74.0% for nano-salt and nano-salt/copper
oam composite, respectively. The considerable enhancement is simi-
ar to the previous research [19] . However, the discharging times are
8276 s, 34324 s and 40551 s for solar salt, salt/2 wt.% Al 2 O 3 nanopow-
er, salt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopow-
er, respectively ( T end = 50 °C). It is unusual that although the thermo-
roperties of the composite PCMs are enhanced by the additives, the
ischarging process did not be accelerated as expected, which is mainly
ue to the reason that natural air cooling with large thermal resistance
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Fig. 7. Temperature evolutions and distributions of solar salt at different heating temperatures (I: heat storage; II: heat retrieval). (a) 260 °C (b) 280 °C. 
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utside the LHTES unit dominated the whole process. Furthermore, on
ne hand, as shown in Fig. 8 (a-III) and (b-III), the LHTES unit with the
alt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopowder can
chieve the higher temperature after the charging process, inducing the
lightly larger time-duration to release the heat. On the other hand, the
xperiments of pure solar salt and salt/2 wt.% Al 2 O 3 nanopowder were
onducted at the surrounding temperatures of about 13–15 °C, and that
f salt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopowder
as conducted at the surrounding temperatures of about 16–18 °C, be-

ause of the variation of the inner temperature of the ventilating cabin
n the lab. 

.4. Power rate during heat storage/retrieval 

The energy stored includes the sensible and latent heats. The latent
eat is incorporated into the specific heat of PCM, which is named ap-
arent specific heat accounting for the phase change process [30] , as
hown in Fig. 6 . Based on the mass and apparent specific heat of the
CMs encapsulated in the LHTES unit, the heat storage and retrieval
nergies were approximately achieved, as shown in Fig. 10 . It can be
een from Fig. 10 (a) that obviously different energy amounts can be
tored with various PCMs, and the energy stored by solar salt is slightly
arger than that of the composite PCMs, e.g., when the heating temper-
ture is 280 °C, the energy stored by the salt/copper foam composite
eeded with 2 wt.% Al 2 O 3 nanopowder is about 1177 kJ, compared to
hat of solar salt of 1271 kJ. It should be noted that the energy stored is
81 
 little larger due to the large mass of the salt/copper foam composite
eeded with 2 wt.% Al 2 O 3 nanopowder, in comparison with that of the
alt/2 wt.% Al 2 O 3 nanocomposite. In addition, as shown in Fig. 10 (b),
he energy retrieval amounts are apparently different from various end
emperatures, e.g., when the end temperature are 50 °C, 100 °C and
50 °C, respectively, the energy released by the salt/copper foam com-
osite seeded with 2 wt.% Al 2 O 3 nanopowder are 1155 kJ, 1043 kJ and
16 kJ at heating temperature of 280 °C. 

The volumetric mean powers were achieved by considering the time-
urations of the charging and discharging processes. Fig. 11 and Table 2
how the volumetric mean powers of heat storage and retrieval for so-
ar salt and composite PCMs. It can be seen that the volumetric mean
owers of heat storage in the LHTES unit are in the range of 31.94–
87.00 kW/m 

3 , considering different heating temperatures and PCMs.
hile the volumetric mean powers of heat retrieval from the LHTES

nit are in the range of 12.48–16.73 kW/m 

3 , 21.86–28.34 kW/m 

3 and
9.19–35.08 kW/m 

3 when the end temperatures are 50 °C, 100 °C and
50 °C, respectively. 

It can be seen from Fig. 11 that the volumetric mean powers of the
HTES unit during the charging process are significantly enhanced by
nvolving the application of the composite PCM, e.g., the volumetric
ean power for the salt/copper foam composite seeded with 2 wt.%
l 2 O 3 nanopowder at the heating temperature of 280 °C increases to
09.32 kW/m 

3 , in comparison with 53.01 kW/m 

3 of pure solar salt.
owever, the volumetric mean powers during the discharging process
re quite irregular, as slight difference exists among various PCMs. The
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Fig. 8. Temperature evolutions and distributions of solar salt and composite PCMs ( T heating = 240 °C). (a) heat storage (b) heat retrieval. I, II, III marks represent solar 
salt, solar salt/2 wt. % Al 2 O 3 nanopowder and solar salt/copper foam composite seeded with 2 wt.% Al 2 O 3 nanopowder, respectively. 
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eason is that the whole process is dominated by natural air cooling
hich causes longer discharging process. In addition, it can also be seen

rom Fig. 11 and Table 2 that the volumetric mean powers of heat re-
rieval for the salt/copper foam composite seeded with 2 wt.% Al 2 O 3 

anopowder at the heating temperature of 280 °C are 15.14 kW/m 

3 ,
5.56 kW/m 

3 and 33.03 kW/m 

3 when the end temperatures are 50 °C,
82 
00 °C and 150 °C, respectively. The volumetric mean power of heat
etrieval decreases with the descending of the end temperature, mainly
ecause of the apparent decrease of the time-duration in comparison
ith the reduction of released energy. The heat transfer between the
HTES unit and surrounding is affected by the temperature difference
etween them, and it becomes very slow if the temperature difference
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Fig. 9. Comparison of temperature evolutions 
and distributions of solar salt and composite 
PCMs ( T heating = 240 °C). (a) heat storage (b) heat 
retrieval. The closed, half-open and open marks 
represent solar salt, solar salt/2 wt. % Al 2 O 3 

nanopowder and solar salt/copper foam compos- 
ite seeded with 2 wt. % Al 2 O 3 nanopowder, re- 
spectively. 

Fig. 10. Energies of heat storage and retrieval for solar salt and composite PCMs. (a) Heat storage (b) Heat retrieval, I: T end = 50 °C, II: T end = 100 °C, III: T end = 150 °C. 
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s the driving force is small. However, the increase of the volumetric
ean power causes the reduction of the usable energy, thus a suitable

nd temperature should be considered in real application. 

. Conclusions 

In the present study, the composite PCMs with nanoparticles and
orous metal foam were synthesized and extensively characterized, then
he charging and discharging characteristics of a pilot test rig were
xperimentally investigated, which was encapsulated with solar salt,
83 
alt/2 wt. % Al 2 O 3 nanopowder (nano-salt) and salt/copper foam com-
osite seeded with 2 wt. % Al 2 O 3 , respectively. The following conclu-
ions can be drawn: 

1) Both Al 2 O 3 nanopowder and metal foam can mix well with pure
solar salt. The presence of Al 2 O 3 nanopowder and porous metal foam
made the phase change temperatures shift slightly. The specific heats
of the nano-salts are apparently enhanced with the addition of Al 2 O 3 

nanopowder both in solid and liquid states. 
2) The heat transfer seems homogenous at the same radial and axis po-

sitions of the LHTES unit. Both Al 2 O 3 nanopowder and copper foam
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Fig. 11. Volumetric mean powers of heat 
storage and retrieval for solar salt and com- 
posite PCMs. (a) Heat storage (b) Heat re- 
trieval, I: T end = 50 °C, II: T end = 100 °C, III: 
T end = 150 °C. 

Table 2 

Volumetric mean powers of heat storage and retrieval for pure salt and composite PCMs. 

𝑃 𝑉 (kW/m 

3 ) Pure solar salt 
Salt/2 wt.% Al 2 O 3 

nanopowder 

Salt/copper foam 

composite seeded with 2 
wt.% Al 2 O 3 nanopowder 

Volumetric mean 
power of heat 
storage 

T initial = 40 °C, T end = 240 o C 31.94 46.77 110.76 
T initial = 40 o C, T end = 260 o C 44.59 70.19 145.49 
T initial = 40 °C, T end = 280 o C 79.29 91.54 187.00 

Volumetric mean 
power of heat 
retrieval 

T initial = 240 o C, T end = 50 o C 14.74 15.57 12.48 
T initial = 260 °C, T end = 50 o C 15.38 15.29 14.02 
T initial = 280 o C, T end = 50 o C 16.73 16.49 15.14 
T initial = 240 °C, T end = 100 o C 26.29 25.36 21.86 
T initial = 260 o C, T end = 100 o C 25.81 24.64 23.05 
T initial = 280 °C, T end = 100 o C 28.34 28.25 25.56 
T initial = 240 o C, T end = 150 o C 33.83 30.41 29.19 
T initial = 260 °C, T end = 150 o C 30.95 28.61 30.01 
T initial = 280 o C, T end = 150 o C 35.08 35.91 33.03 
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can significantly improve the heat transfer of pure solar salt, e.g.,
the time-duration of heat storage at the controlled heating tempera-
ture of 240 °C can be reduced by 34.7% and 74.0% for nano-salt and
nano-salt/copper foam composite, respectively. The additives can
slightly decrease the time-duration of heat retrieval because natural
air cooling dominates the process. 

3) The volumetric mean powers of heat storage in the LHTES unit
are in the range of 31.94–187.00 kW/m 

3 , whereas the volumet-
ric mean powers of heat retrieval from the LHTES unit range from
12.48 kW/m 

3 to 16.73 kW/m 

3 . The volumetric mean powers of
heat storage can be significantly improved, e.g., the volumetric
mean power of the salt/copper foam composite seeded with 2 wt.%
Al 2 O 3 nanopowder at the heating temperature of 280 °C increases
to 109.32 kW/m 

3 , compared to 53.01 kW/m 

3 of pure solar salt. 
t
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