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A B S T R A C T

We demonstrated the role of dynamic phase change materials (dynamic PCM) and nanofiller characteristics in 
the effective improvement of thermal energy storage (TES) and management performance. This is the very first 
study where nano-enhanced PCMs have been tested in a dynPCM configuration and compared the heat storage 
potential with respect to pristine PCM. We investigated the influence of nanofiller characteristics on the effective 
thermophysical properties of composite PCMs. To this end, we report a remarkable enhancement in thermal 
conductivity (~76 %) in lauric acid-based composite PCMs loaded with 4 wt. % graphene nanoplatelets (GNP) 
and carbon black (CBNP) concentrations. Those improvements are known to be attributed to the ability of 
nanofillers to establish efficient heat transfer by percolating network structures. We illustrated dynPCM is an 
effective approach to control the melt-front thickness (δ) and thus interface thermal resistance, which signifi
cantly improves power density for the latent TES system, and may benefit from the presence of PCM nano
composites. Recently, PCMs have also shown promising potential for direct solar energy harvesting. Notably, 
GNP-based composite PCMs can be used for superior solar thermoelectric performance (enhanced output 
voltage ~ 36 %) compared to pristine PCMs, resulting from the synergistic effects of improved heat conduction 
and photothermal conversion. This work presents robust experimental findings highlighting the potential of 
nanocomposite PCMs and dynPCM in advancing TES and solar energy harvesting technologies.

1. Introduction

Rising energy consumption and environmental concerns emphasize 
the significance of advanced energy storage and conversion technologies 
[1–3]. Clean energy harvesting from the sun and waste heat holds great 
potential to address environmental challenges and energy scarcity 
[4–6]. Among various methods, thermal energy storage (TES) technol
ogies emerge as a prime approach to overcome the above issues, since 
they allow to balance energy supply and demand, thus lowering carbon 
emissions [7–10]. Additionally, photothermal energy conversion and 
storage systems have also generated widespread interest due to their 
cost-effectiveness and efficiency [11,12].

Apart from energy-saving and utilisation concerns, effective thermal 
management of high heat flux from electronic devices also requires more 

effective solutions to prevent overheating, which can potentially 
degrade their working efficiency and operating life [13–15]. For these 
applications, latent TES systems using phase change materials (PCMs) 
are an attractive choice due to their high energy density (2–3 times 
compared to sensible heat storage systems), low cost, reduced envi
ronmental impact, and capability to store and release thermal energy at 
a nearly constant temperature, corresponding to the phase transition 
temperature of the PCM [16,17].

PCMs have been extensively used in various fields, such as solar heat 
storage, energy-saving buildings, waste heat recycling, thermal man
agement of electronics, and thermoelectric generators [18–21]. 
PCMs-based TES systems exhibit high energy density, tuneable phase 
change temperature, and thermal stability, with a demonstrated po
tential for helping accomplish sustainable development goals and net 
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zero emissions [22,23]. In particular, lauric acid (LA) is a widely 
adopted PCM due to its solid-liquid phase change at relatively low 
temperature (~ 45 ◦C), high latent heat, no-supercooling, non-
corrosiveness, no-phase-separation, and good chemical and thermal 
stability. These characteristics make LA an excellent candidate for 

various low-temperature applications of PCMs [21,24]. Still, the prac
tical applicability of organic PCMs is severely limited due to some poor 
physical properties, among which thermal conductivity (TC) and 
photo-thermal conversion (PTC) rate, which directly affect their per
formance in energy applications [25–27]. Low TC leads to slow char
ging/discharging transients during phase change processes, whereas 
poor light absorption causes low PTC efficiency. Therefore, investiga
tion, study and use of composite PCMs exhibiting enhanced heat con
duction and sunlight absorption have attracted attention for thermal 
storage, management and solar energy harvesting [28,29].

In the past, several attempts have been made to design nano
composite PCMs to overcome the typical drawbacks of pristine PCMs. 
Through these efforts, it has been demonstrated that the incorporation 
of nanofillers significantly helps to improve the heat conduction and 
PTC performance of PCMs [30–32]. Various carbon and metal-based 
nanofillers effectively boosted the TC and PTC performance of com
posite organic PCM, e.g., graphene nanoplatelets [33,34], carbon 
nanotube [35,36], carbon foams [37], expanded graphite [38], 

Table 1 
Description of materials’ suppliers and features.

Name Source Purity Dimensions Specific 
surface area 
(m2/g)

Lauric acid (LA) Sigma- 
Aldrich

~ 99 
%

– –

Carbon black 
nanoparticles 
(CBNP)

PowderNano ~98 % Size ~20 nm ~195

Graphene 
nanoplatelets 
(GNP)

Ossila Ltd. ~ 99.9 
%

Size ~1.5 μm 
Thickness ~3 
nm

~800

Fig. 1. TEM images of (a) carbon black nanoparticles (CBNP), and (b)-(c) graphene nanoplatelets (GNP) as provided by PowderNano and Ossila Ltd. suppliers, 
respectively.

Fig. 2. (a) Illustration of composite PCMs preparation steps. (b) Images of CBNP- and GNP-loaded composite PCMs at different fillers concentrations.
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expanded vermiculite [39], boron carbide [40], gold [41], silver [24], 
copper [42,43], and zinc nanoparticles [44].

Among these, carbon-based fillers are particularly favoured because 
of their excellent optical and thermo-physical features, such as high 
thermal conductivity, stable chemical nature, extensive usability, and 
low density [45–47]. Additionally, carbon-based fillers provide intrinsic 
high TC and create effective percolation network pathways to enhance 
heat conduction and optical (light-heat) conversion abilities of com
posite PCMs through thermal vibration within atomic lattices (excitation 
of loosely bound π orbitals electrons to π* orbitals) [34,48,49].

Furthermore, under high specific heat flux (e.g., thermal manage
ment of electronics [50–52]), the TES performance of PCMs also de
pends upon the adopted melting approach [53,54], e.g., constrained, 
gravity-driven, or pressure-enhanced one. In the typical constrained 
melting, the liquid PCM does not easily flow because of the physical 
boundaries of the container, leading to reduced heat transfer due to the 
progressive accumulation of melted PCM and thus growing thermal 
resistance close to the heating surface. In a second melting strategy, the 
growth of the melting front thickness over time is mitigated by removing 
the liquid PCM in a passive way, i.e. exploiting gravity. Finally, the 
operation of pressure-enhanced PCM (also known as dynamic PCM – 
dynPCM) [55–57] allows the active removal of the melted phase, 

therefore further minimizing the interface thermal resistance between 
the heat source and solid PCM and enhancing the power density of TES.

The addition of nanofillers into the PCM can also enhance the 
melting performance during the charging process given the higher TC of 
the composite; however, the concurrent viscosity increase due to 
nanoparticle addition can suppress natural convection and thus limit 
heat transfer [58]. Hence, understanding the role of thermophysical 
characteristics and combining the synergic effects of nano-enhanced and 
pressure-enhanced PCM strategies could be very promising for achieving 
heat storage and thermal management with superior performance, 
especially as far as power density is concerned.

In the present study, we demonstrate the role of nanofiller charac
teristics and pressure-enhanced PCM on the thermal energy storage and 
management performance of lauric acid. Specifically, we assess the 
impact of nanofillers on the enhancement of heat conduction, energy 
storage, power density and solar thermal energy conversion. To the best 
of our knowledge, the impact of nanofiller characteristics on the per
formance of composite PCMs in these areas has not been comprehen
sively addressed in prior research. Our experimental findings show that 
composite PCMs loaded with carbon black nanoparticles (CBNP) and 
graphene nanoplatelets (GNP) exhibit significantly higher heat con
duction and photothermal performance compared to pristine PCMs. 

Fig. 3. (a), (b) and (c) show the experimental setup adopted to measure the thermal conductivity (Hot disk TPS 500). (d), (e) and (f) DSC, viscosity and photothermal 
(simulated sunlight source) measurement tools, respectively. (g) DSC curves of pure PCM. (h) Schematic of TES of typical PCM.
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Furthermore, the morphology, physical properties, and agglomeration 
of the nanofillers were found to influence the thermophysical properties 
of composite PCMs strongly. We also provide preliminary evidence that 
combining composite PCMs with dynPCM can further help improving 
thermal energy storage and management performance.

2. Materials and experimental methods

2.1. Materials and sample preparation

Lauric acid was purchased from Sigma-Aldrich (99 % purity); the 
CBNP and GNP were purchased from PowderNano and Ossila Ltd., 
respectively (see Table 1). The materials received from the suppliers 
were used without further purification. To understand the role of 
nanofiller concentrations on thermophysical properties, composite 
PCMs have been prepared at various loadings of CBNPs and GNPs. The 
different concentrations (2.0, 4.0, 5.0 and 6 wt. %) of CBNP and GNP 
nanoparticles were directly dispersed in the liquid PCM (sample tem
perature higher than corresponding PCM melting point, with bath 
temperature maintained at 50 ◦C). Thereafter, the sample was subjected 
to water bath sonication (~53 kHz), operating at full power for 1 h at 
sonication intensity ~28 W/L. The resulting mixture was cooled at room 
temperature and the composite PCMs with various loadings of CBNP & 
GNP were prepared for thermophysical characterization (cylinders with 
a diameter of ~ 5.8 cm, height ~1.1 cm). Fig. 1(a) shows a TEM image of 
CBNPs with discernible particle size ~20 nm, while Figs. 1(b)-(c) TEM 
images of graphene GNPs demonstrating planar structure and size of 
GNP flakes ~1.5 μm. The nanofiller-based composite PCMs preparation 
process and some pictures of the prepared samples are illustrated in 
Figs. 2(a)-(b).

2.2. Characterization and performance evaluation of composite PCMs

The thermal conductivity and diffusivity of PCM-based samples were 
determined using a Hot Disk Thermal Constants Analyzer (Hot Disk, TPS 
500, see Fig. 3(a)) with a nominal accuracy of ±5 % and ±10 %, 
respectively. The temperature-dependent study was carried out by using 
a climate chamber, which helped to precisely control and tune the 
sample temperature (within ± 1 ◦C). The hot disk sensor comprises an 
electrically conducting pattern in the shape of a double spiral, which has 
been etched out of a thin metal (Nickel) foil. This sensor acts as a heat 
source for raising the PCM sample’s temperature and concurrently 
recording the temperature changes with time. During measurements, a 
plane hot disk sensor is fitted between two pieces of the sample and a 
small constant current is applied; the related working principle and 
measurement details of the thermal properties analyser (TPS) are 
available at ref [59].

Figs. 3(b)-(c) show the thermal sensor kept between the pair of 
specimens and firmly supported by a stainless steel-based chamber 
while measuring the thermal properties of pristine and composite PCMs. 
The phase change characteristics and latent heat values of the pristine 
and composite PCMs were investigated by differential scanning calo
rimetry (DSC) under a nitrogen (N2) atmosphere with a 3 ◦C/min 
heating rate (DSC 214 Polyma, Fig. 3(d)). The phase transition tem
perature and latent heat of pristine and composite PCM were obtained 
with a precision of ± 0.2 %. The dynamic viscosities of liquid samples at 
~55 ◦C were measured using a rheometer (TA Instrument Discovery 
HR20), employing soak time, shear rate, and sampling interval param
eters (180 s, 100.0 1/s, and 1.0 s/pt), respectively, Fig. 3(e).

A solar simulator (infinityPV ISOSun, Fig. 3(f)) was used to mimic a 
concentrated solar light irradiance (150 mW/cm2), and the 

Figs. 4. (a)-(b) Variation in thermal conductivity/diffusivity of composite PCM (solid phase) with loading concentration of CBNP and GNP nanoparticles, respec
tively. (c) Variation of volumetric heat capacity of composite PCM as a function of filler concentrations.
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photothermal conversion performance was studied by measuring the 
sample’s temperature variation using K-type thermocouples (recording 
data every second with uncertainty of ~2 %). The investigation of the 
solar-thermal-electric conversion performance of pristine and composite 
PCMs was done through the design of a solar thermoelectric setup with 

the help of a commercially available thermoelectric generator (TEG) 
module (5.5 cm × 5.5 cm). The target PCM sample was irradiated by the 
solar simulator, and the generated heat transferred to the hot end of TEG 
chip while connecting the cold end to an aluminium heat sink at ~21 ◦C 
(Fig. 13(b)). A digital multimeter was used to monitor the open-circuit 

Fig. 5. (a)-(b) DSC curves during melting and (c)-(d) during freezing of various composite PCMs at different loading concentrations of CBNP & GNP. DSC curves of 
LA (pure PCM) and fillers (CBNP & GNP) are also shown for comparison.

Table 2 
Thermal properties of PCM and nanofiller loaded composite PCMs.

Sample Melting Process Cooling Process At ~25 ◦C

Melting point (◦C) (±
0.1 ◦C)

(Exp.) Latent heat (J/ 
g) (± 0.4)

(Calc.) Latent 
heat (J/g)

Freezing point (◦C) (±
0.1 ◦C)

(Exp.) Latent heat (J/ 
g) (± 0.4)

(Calc.) Latent 
heat (J/g)

cp (J/g.K) 
Solid-state

PCM(LA) 45.4 172.5 172.5 40.1 170.4 170.4 2.03
2 wt. % 

CBNP
44.8 170.5 169.6 40.2 165.5 167.0 2.13

4 wt. % 
CBNP

44.4 163.2 165.7 39.9 162.8 163.5 1.97

5 wt. % 
CBNP

44.5 160.1 163.9 40.0 158.4 161.8 1.74

6 wt. % 
CBNP

44.7 158.2 162.1 40.1 157.2 160.2 1.37

2 wt. % 
GNP

44.8 168.5 169.6 40.2 167.5 167.0 1.92

4 wt. % 
GNP

44.5 163.2 165.7 40.1 160.8 163.5 1.76

5 wt. % 
GNP

44.8 157.1 163.9 40.0 155.4 161.8 1.70

6 wt. % 
GNP

44.7 152.2 162.1 40.1 151.3 160.2 1.54
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voltage of the thermoelectric module with uncertainty of ~ 3 %.
The improvement of power density of pristine and composite PCM 

was tested through the pressure-enhanced close contact melting (CCM) - 
dynPCM method (Figs. 10 and S1-S2). The PCM container for the 
experimental test section is made of plexiglass with cylindrical shape 
(inner diameter of 30 mm; height of 100 mm). Four K-type thermo
couples are embedded in the base of the PCM container and measure the 
temperature 3 mm below the interface between PCM and container 
(Fig. S2). Considering the high TC of copper (398 W/m⋅K), temperature 
measurement was conducted 3 mm below the PCM and Cu plate inter
face, assuming to reflect the temperature progress precisely. A Peltier 
cell (4.0 cm × 4.0 cm) was placed at the bottom of the sample container 
and a DC power controller was used to supply a constant heating flux 
(1.9 W/cm2). Continuous application of pressure on the solid PCM 
sample is developed by the piston through the mass weight applied on 
the top. The sample and piston diameter are kept at 20 mm, which helps 
to maintain adequate space for the flow of liquid PCM (melted portion). 
The experimental measurement for evaluating the thermal performance 
of pristine and dynPCM were carried out at room temperature (~25 ◦C), 
and variation of the temperature characteristics of the heat source 
(interface) was measured by K-type thermocouples (accuracy: ±1.5 ◦C) 
connected with the data acquisition system. Each measurement was 
performed thrice, and the mean value and the corresponding standard 
deviation were reported.

As a reference, Fig. 3(g) shows DSC curves of pristine LA: results 
revealed melting and solidification temperatures equal to 45.4 ◦C and 
40.1 ◦C, respectively. The latent heat of pristine PCM during melting and 

solidification phase transition processes amounted to 172.5 and 170.4 J 
g-1, respectively. These thermal properties of LA find good agreement 
with previous results in the literature [60,61].

3. Results and discussion

3.1. Composite PCMs boost heat conduction performance

Figs. 4(a) and (b) show the variations in thermal conductivity and 
thermal diffusivity of the PCM as a function of CBNP and GNP loading 
concentrations. The measured values of thermal conductivity, diffu
sivity, and volumetric heat capacity of LA are found in good agreement 
with the previous literature [62–64]. In detail, the thermal conductivity 
and diffusivity of PCM effectively increased from 0.219 to 0.333 W/m⋅K 
(i.e., ~50 %) and from 0.102 to 0.276 mm2/s, respectively, as the 
concentration of CBNP increased to about 5 wt. %. Fig. 4(b) shows that 
the thermal conductivity of PCM effectively increased from 0.219 to 
0.386 W/(m⋅K) (i.e., ~76 %) for 4 wt. % GNP loadings. However, in both 
cases, beyond 4–5 wt. % loading concentration, the heat conduction 
enhancement of composite PCM significantly decreased, which may be 
attributed to the formation of larger particle clusters and thus poor 
dispersion within the medium and possible phonon scattering as high
lighted in previous studies [65–68]. Fig. 4(c) indicates that the volu
metric heat capacity of the CBNP and GNP-loaded composite PCMs 
decreased compared to pure PCM with the loading filler concentrations, 
due to the lower thermal capacity of carbon fillers than the PCM one. We 
observed at 6 wt. % loading a decrement of volumetric heat capacity of 

Fig. 6. (a)-(b) Variations of experimental and theoretically calculated latent heat values during the melting and freezing process. (c)-(d) Variation of specific heat 
capacity (cp) as a function of temperature (in solid state) at different loadings of composite PCMs.

A.K. Mishra et al.                                                                                                                                                                                                                               Chemical Engineering Journal Advances 23 (2025) 100789 

6 



~50.5 and 52.7 % for CBNP and GNP-based composite PCM, respec
tively. Similarly, Wong et al. [69] reported a ~53.2 % decrease in 
volumetric heat capacity for 5 wt. % GO/paraffin composite PCMs with 
respect to the pristine one.

Figs. 5(a) and (b) show the heat flow curves, during melting, for the 
PCMs loaded with various concentrations of CBNP and GNP nanofillers, 
respectively. Figs. 5(c)-(d) show the heat flow curves, during freezing, 
for the same samples. The heat flow curves for constituent elements of 
composite PCMs viz. pristine PCM and respective incorporated pure 
nanofillers (CBNP/GNP) are also compared. It can be seen from Figs. 5
(a)-(d) that the heat flow curves consisted of a single endotherm (energy 
absorbed) or exotherm (energy released), indicating the first-order solid- 
liquid phase transitions. The latent heat values were determined from 
the areas under the heat flow curves of PCM and composite PCMs, 
respectively. It is evident from Table 2 that the phase transition tem
peratures did not vary significantly with the increasing loading of the 
nanofiller, which indicated the absence of any effective interactions 
between the filler and the target host matrix. An overview of the 
measured thermal properties is reported in Table 2.

Figs. 6(a)-(b) shows that increasing the loading of the nanofiller 
leads to a reduction in latent heat. This is attributed to the mass per
centage of pristine PCM progressively decreasing in the composite with 
increasing nanofiller particles, which do not contribute to latent heat 
storage. The latent heat values were also theoretically calculated for the 
different composite PCM, using the formula: ΔHCPCM = ε * ΔHPCM(LA) 
[70], where ΔHCPCM, ΔHPCM (LA) and ε indicate the calculated latent heat 
of the composite PCMs, the experimentally determined latent heat for 
pristine LA and the mass percentage of the host matrix (PCM) in the 
composite, respectively. The experimental findings indicated that ~8.3 

% and 11.7 % decrement of latent heat occurred with the maximum 
loading at 6 wt. % of CBNP and GNP nanofiller in the composite PCM. 
Figs. 6(c)-(d) show the specific heat capacity of pristine PCM and 
filler-loaded composite PCMs.

The examined cp value (~2.03 J/g⋅K) for LA is showing good 
agreement with literature data at room temperature [63]. The observed 
decrement of cp of composite PCMs with the filler loading is attributed to 
the reduction of PCM mass content and incorporated fillers (CBNP and 
GNP) having poor cp compared to the host matrix [71–73]. The exper
imental findings show composite PCMs (2 wt. % CBNP) (Fig. 6(c)) have a 
higher cp value than pure PCM. Previously, Hu et al. and Amin et al. 
reported that a low concentration of nanofillers, such as SiO2 and GNP, 
improved the specific heat capacity of the medium because of variation 
in coulombic energy due to clustering and changes of interaction 
behaviour among nanoparticles, which helped to increase the surface 
energy and boosted heat capacity [74,75].

Fig. 7(a) shows the variation of TC of composite PCMs as a function 
of the loading concentration of the CBNP and GNP fillers. Our results 
show that the TC does not linearly increase with filler loadings in 
composite PCM. Fig. 7(b) shows that the thermal conductivity of CBNP- 
loaded composite PCMs increased significantly (~50 %) as the CBNP 
loading rose from 2 to 5 wt. %. In comparison, GNP-based composite 
PCMs (see Fig. 7(c)) achieved a higher enhancement (~76 %) with a 
GNP loading range of 2 to 4 wt. %. The better TC enhancement of GNP- 
loaded composite PCMs respect to CBNP one could be attributed to 2D 
structure of GNPs, which typically has the ability to comparatively build 
better percolation pathways [64,76]. As a matter of fact, Yang et al. 
[77], using molecular dynamics simulations, demonstrated that GNPs 
act as nucleation sites during solidification, inducing orientational 

Fig. 7. (a) Variation of TC of composite PCMs loaded with various concentrations of CBNP and GNP. (b)-(c) Variation of kc/kpcm and enhancement ( %) for PCM at 
different CBNP and GNP loadings. kpcm and kc refer to the TC of pristine PCM and composite PCM, respectively. The TC enhancement percentage in composite PCM 
was calculated using the expression 

(
kc/kpcm − 1

)
∗ 100.
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ordering at the GNP-PCM interface and enhancing phonon coupling.
Similarly, studies by Fan et al. [71] and Zakaria et al. [78] high

lighted GNP’s superiority in TC enhancement compared to other nano
fillers (e.g., multi-walled carbon nanotubes), owing to its high surface 
area, planar structure (enabling plane-to-plane contact), and reduced 
interfacial thermal resistance. Despite the lower bulk thermal conduc
tivity of CBNP (~0.25–4.0 W/m⋅K) relative to GNP (~3000 W/m⋅K) 
[79], its significant TC enhancement (~50 %) is attributed to its high 
compressibility, excellent volume-filling capability, and the fractal na
ture of its aggregates. The low fractal dimension of CBNP aggregates 
promotes the formation of percolating networks with improved inter
facial interactions between aggregates and PCM, reducing phonon 
scattering and Kapitza resistance [16,30]. This clearly showed that 
effective TC enhancements of composite PCMs are influenced by various 
factors viz. bulk thermal conductivity of filler, aggregation dynamics, 
fractal structures, Kaptiza resistance, and segregation characteristics 
[68,64,80]. At higher loadings, the observed heat transfer efficiency is 
reduced due to the domination of effective particle clustering and 
settling issues. As found, GNP enhanced the TC of composite PCMs more 
effectively compared to CBNP. However, while GNP provides superior 
TC enhancement, CBNP’s significantly lower cost (10 times less than 
GNP) makes it a more economically viable option for widespread 
applications.

Figs. 8(a)-(b) show the variation of thermal conductivity of CBNP 
and GNP loaded composite PCMs (solid state) at various loadings as 
function of temperature. Results show that the thermal conductivity of 

PCM and its composites does not effectively change with the tempera
ture variation. Similarly, Fang et al. [81] and Warzoha et al. [82] re
ported that the thermal conductivity of PCM and related composites are 
almost independent of temperature in their solid and liquid phase. This 
can be attributed to the stable phonon heat conduction capability and 
consistent microstructural stability across the measured temperature 
range. Similarly, Fig. 8(c) shows the variation of volumetric heat ca
pacity of different CBNP-loaded composite PCMs as function of tem
perature, highlighting a moderate impact of temperature, coherently 
with previous studies [81].

The assessment of repeatable (thermal stability) thermal response 
(after several phase change cycles) of nanocomposite PCMs is essential 
for practical TES applications in the long term. To probe the composite 
PCMs’ thermal stability in comparison to pristine PCMs, DSC studies 
were carried out over 100 successive thermal cycles with and without 
filler loading. It can be seen from Figs. 9 (a)-(b) that the heat flow 
characteristics (phase transition temperature and latent heat value) of 
pristine PCM and their respective (4 wt. %) loaded CBNP and GNP 
composite PCM were almost unchanged. The measured latent heat 
values of pristine PCM and (4 wt. %) CBNP/GNP composite PCMs were 
~ 170.2, ~ 158.5, and ~ 156.3 J/g, respectively, even after 100 cycles 
(reduced ~ 3 %), which indicates their practical potential for TES sys
tems. Furthermore, the durability of the heat conduction performance of 
respective nanocomposite PCMs was also analyzed after prolonged 1st, 
5th, and 10th phase change cycles (Fig. 9(c)). The TC results attributed 
that repeated melting/solidification process effectively induced particle 

Fig. 8. Variation of thermal conductivity, as a function of temperature for nanofiller loaded composite PCMs at their different concentrations: (a) CBNP; (b) GNP. (c) 
Variation of volumetric heat capacity of CBNP-loaded composite PCM as a function of temperature. For comparison, variation of TC and volumetric heat capacity of 
pristine PCM is also shown in the figures.
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agglomeration inside the PCM matrix and created bigger-sized clusters 
(prone to settle down) due to the action of gravity. Therefore, the 
dispersion volume of effective heat carriers (percolation pathways) goes 
down in the medium and hampers the heat conduction capacity.

3.2. Composite PCMs boost thermal management performance

Fig. 10(a) shows a schematic illustration of constrained melting, 
gravity-driven CCM, and pressure-enhanced CCM (dynPCM). For con
strained melting and gravity-driven melting cases, the melt front 
thickness (δ) increases quickly, and it continuously grows over time 
(denoted by red arrows) thus reducing the power density of TES system. 
However, δ can be effectively minimized (thin melt-front maintained 
over the entire melting process) by the dynPCM approach, with a boost 
in the heat transfer rate during the melting phase. To quantify this effect, 
the performance of both pristine and nano-enhanced composite PCMs 
was evaluated during the melting process using the dynPCM approach. 
A constant heat flux (q” = 1.9 W cm-2) was supplied using a Peltier cell, 
while stable pressure was maintained by placing a 2 kg mass on top of a 
piston. The detailed working mechanism of the designed prototype 
dynPCM setup is illustrated in Figs. S1-S2.

Experimental data from Fig. 10(b) highlights the variation in heat 
source interface temperature (Ts) under dynPCM, showcasing distinct 
thermal characteristics compared to copper plates (without PCM), 
constrained melting, and gravity-driven melting. DynPCM achieved 
stable temperature control and minimized the superheat degree by 
approximately 10 ◦C until complete melting. This demonstrates that the 

dynPCM method enables spatial control of the melt front location by 
accelerating the discharge flow of superheated liquid PCM, significantly 
reducing melt layer thickness and interface thermal resistance and 
improving power density compared to conventional melting strategies. 
Fig. 10(c) illustrates the Ts variation for PCM and CBNP-loaded com
posite PCMs under the dynPCM scheme. The inset provides a magnified 
view of Ts as a function of time, showing that the 2 wt. % CBNP com
posite PCM may improve power density. The reduction in power density 
at higher CBNP loadings might be attributed to a viscosity increase (~70 
%, Fig. 11), although further investigations are still needed in this 
respect.

We expect that an enhanced viscosity may hinder the discharge flow 
of superheated liquid PCM, reducing convective heat transfer and power 
density. Similarly, Li et al. [58] observed that the nanofiller-induced 
viscosity increment negatively impacts power density and TES perfor
mance of composite PCMs. The enhanced performance of 2 wt. % CBNP 
loading is attributed to its optimal balance between heat transport 
capability and viscosity, which remains close to that of the pristine PCM, 
making it a more effective candidate for thermal management applica
tions. These findings demonstrate that the designed dynPCM setup (the 
presence of forced convection and not only natural convection/standard 
static configurations holds the potential to greatly alleviate the issues of 
particle sedimentation and composite stability) is capable of signifi
cantly improving heat storage and enabling high-performance thermal 
management applications.

Fig. 11 shows the variation of dynamic viscosity of liquid PCM at 55 
◦C as a function of nanofiller loadings. Results show that the dynamic 

Fig. 9. (a)-(b) Heat flow curves after 100 thermal cycles of pristine PCM (LA) and 4 wt. % loaded CBNP and GNP composite PCMs. (c) durability of heat conduction 
performance after the 1st, 5th and 10th thermal cycles, respectively. Thermal characteristics of pristine PCM are also shown for comparison.
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viscosity of liquid PCM effectively increases with CBNP and GNP con
centration. The dynamic viscosity of LA at 55 ◦C shows good agreement 
with data reported by Anggraini et al. [83]. The rate of dynamic vis
cosity increase for CBNP composite PCM decreases at higher loadings, 
while for GNP composite PCM, viscosity effectively decreases due to the 

formation of larger aggregates that are prone to sedimentation. These 
viscosity measurements provide valuable insights into the reduction of 
TC enhancement at high filler loadings, attributed to the development of 
larger aggregates (Figs. 4 and 7). Notably, a significant increase in the 
viscosity of liquid PCM negatively impacts heat transport efficiency by 
suppressing natural convection driven by buoyancy effects, which in 
turn reduces the power density during the charging (melting) process 
[22,10,84]. Similarly, Kittusamy et al. [85] and Cabaleiro et al. [86] 
reported that incorporating 3 wt. % GNP and 1 wt. % CBNP significantly 
increased the viscosity of liquid PCM. Therefore, optimizing the nano
filler loading ratio in composite PCMs is crucial to achieving the best 
performance among different nanofillers.

3.3. Composite PCMs boost photothermal and solar-thermal-electric 
conversion performance

Fig. 12(a) reports a schematic diagram of the photothermal conver
sion performance investigation. The photothermal conversion and 
storage properties of PCM and nanofillers (CBNP and GNP) loaded 
composite PCM were evaluated under simulated sunlight irradiation at 
an intensity of 150 mW/cm2. Fig. 12(b)-(c) displays the temperature 
variation curves of different samples, which were recorded by a data 
acquisition system (time− temperature data recorded using a thermo
couple recorder connected to the computer). Solar irradiation causes the 
temperature of composite PCMs to rise sharply, contrary to the case of 
pure PCMs. Moreover, in the phase transition zone, the temperature 
stabilizes on a plateau value. In this region, PCM starts to change from 
solid to liquid. This process will absorb part of the heat (gained from the 

Fig. 10. (a) Schematic illustration of different PCM melting approaches. (b)-(c) Thermal management performance of PCM and composite PCM under dynPCM 
scheme, respectively.

Fig. 11. Variation of dynamic viscosity of composite PCM as a function of 
CBNP and GNP loadings.
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photothermal process), thereby the temperature rise will slow down, 
which causes a slower temperature rise due to high latent heat values. 
When light irradiation was turned off, the temperature drop happened 
sharply, and further, when the temperature reached the crystalizing 
point another plateau appeared (the stored latent heat is released during 
the cooling process). Experimental results indicate that CBNP and GNP 
nano-additives significantly improved the photothermal conversion 
performance of PCM. These carbon-based nanofillers act as strong 
photon absorbers and molecular heaters to transform light into heat 
energy within PCM.

Wang et al. [87] and Du et al. [35] demonstrated that carbon-based 
nano-additives (CNTs) have a remarkable capability to absorb ultravi
olet and visible light compared with pristine PCM, and show resonant 
π-plasmon excitation and band-to-band transitions under solar radia
tion. He et al. [33] and Elbasiony et al. [88] reported that GNP has zero 

bandgap structure characteristics, enhancing solar light absorption by 
surface plasmon resonance or intensive scattering. Fan et al. [45], 
Mishra et al. [16,30], Zhang et al. [70] and Han et al. [89] have 
demonstrated that CBNP nanofiller has high solar light absorption 
capability and effectively helps to boost the PTC performance of the 
pristine PCM and aqueous medium with an augmentation of the 
extinction coefficient of the incident light due to multiple scattering and 
trapping of photons. The temperature rise was not linearly increased 
with filler loading amount into the host matrix, however beyond a 
certain loading of CBNP and GNP the photothermal conversion perfor
mance begins to decline (Fig. 12(d)). Yang et al. [44] reported that as the 
nanofiller concentration increases, the ratio of surface reflection and 
nanoparticle aggregation within the medium becomes more pronounced 
and affects the PTC activity. The presence of larger filler aggregates or 
cluster structures interferes significantly with the transparency of the 

Fig. 12. (a) Schematic representation of photo-thermal measurement setup; (b)-(c) photothermal conversion for pristine PCM and CBNP and GNP-based composite 
PCMs at various loadings. (d) Variation of photothermal conversion efficiency as a function of concentrations.
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glass, causing excessive scattering and reflection of light. As a result, the 
ability to effectively capture sunlight energy is reduced.

The photo-thermal conversion efficiency (η) is defined as the ratio of 
the thermal energy stored during the phase change process to the inci
dent light energy, calculated by the following Eq. (1) [90,91], 

η =
ms ∗ ΔHs

I ∗ A(te − ts)
(1) 

where ms, ΔHs, I and (te - ts) indicate the mass of the specimen, latent 
heat, the illumination intensity (simulated sunlight), specimen area that 
receives light and phase change interval (te and ts indicating phase 
transition ends and starts time), respectively. The photothermal con
version efficiency (η) of pure PCM and their different CBNP and GNP 
loading were calculated. The η ( %) values of pure PCM, 2 wt. %, 4 wt. % 
and 5 wt. % CBNP loaded composite PCMs are 30.6 %, 52.0 %, 61.2 % 
and 57.2 %, respectively. The case of GNP loaded 2, 4, and 5 wt. % 
achieved 51.1 %, 57.6 % and 56 %, respectively. This achieved high PTC 
efficiency with CBNP and GNP nanofillers is justified by their excellent 
light absorption characteristics in the UV–Vis-NIR region and potential 
for solar-thermal applications.

The above experimental results (Table 3) show the PTC performance 
of CBNP-based composite PCM is better compared to GNP-based com
posite PCM. This could be attributed to CBNP having better broad- 
spectrum light absorption compared to GNP [79,92]. Found apart 
from nanofiller loading concentration, solar illuminating intensity also 
effectively effects PTC performance [93,94]. Yang et al. [91] reported η 
is 62 % for 5 wt. % EG/LA at 100 mW/cm2. Furthermore, the optical 
properties and PTC performance of carbon-based fillers strongly depend 
upon their morphological characteristics viz. shape, size, number of 
layers and doping [95,96]. The PTC study-related parameters are listed 
in Table 3.

Table 4 compares the TC enhancement and photothermal conversion 
efficiency of the current findings to other organic PCM-based nano- 
enhanced composite PCMs. It can be noticed the prepared lauric acid 
(LA) based nanocomposite PCMs (utilized cost-effective carbon-based 
nanofillers for direct mixing) are very economical and significantly 
improved heat conduction and photothermal characteristics.

Fig. 13(a) shows a schematic illustration of solar-thermal-electric 
energy conversion in the presence of composite PCM and Fig. 13(b) 
shows the output voltage evolution curves in the presence of PCM and 
composite PCMs under light irradiation (150 mW/cm2). These samples 
were chosen as heat sources for the solar thermoelectric generator. The 
PCM-based sample was exposed to the simulated solar irradiation and 
fixed on the hot end of a commercially available thermoelectric con
version module (5.5cm × 5.5 cm) and, the cold end of the module 
(maintained ~21 ◦C) was attached to an aluminium based heat sink. 
During the operation, a digital voltage meter measured the open-circuit 
voltage of the thermoelectric module. It can be seen the performance 
(output) increases with sunlight exposure time due to the effective 
conversion of absorbed sunlight into thermal energy. It is worth noting 
that near the phase transition region the yield is stable, while an effec
tive increase occurs after the melting process is completed. It is worth 
noticing that solar thermoelectric performance of CBNP and GNP-based 
composite PCMs is better than pristine PCMs, achieving a maximum of 
~ 23 % and ~ 36 % enhancements, respectively. This is attributed to 
CBNP and GNP composite PCMs containing high light-heat conversion 
capacity (PTC efficiency) and better heat transport characteristics.

Such kind of carbon-based nanofillers have strong UV–Vis-NIR light 
absorption ability [108,109,45] that help to boost solar-thermal-electric 
conversion. The maximum achieved output is ~600, 730 and 815 mV 
for PCM, 4 wt. % CBNP and GNP loaded composite PCM, respectively. 
GNP-loaded composite PCM shows superior performance compared to 
other samples, which could be due to the synergic meeting of improved 
PTC and quick heat deposit ability to the thermoelectric module. When 
the light source is removed the output decreases (stop 
photothermal-conversion) and natural cooling starts, again stable 
output appears across solidification temperature due to the release of 
stored latent heat that provides heat to TEG until the completion of 
solidification. The solar-thermal-electric conversion significantly de
pends upon the intensity of irradiated solar light [110].

In previous studies, Usman et al. [28] for MXene-Integrated com
posite PCM achieved 750 mV (~ 125 mW cm− 2), Hu et al. [111] found 
~409 mV for MH-AlN/SA (~74 mW cm− 2) and Chen et al. [90] 

Table 3 
Photothermal conversion-related parameters of samples.

Sample Mass 
(g)

Phase change 
interval (te - 
ts) sec

Latent 
heat (J/ 
g)

Area 
(cm2)

Light 
intensity 
(mW/cm2)

η ( 
%)

PCM 
(LA)

32 1690 172.5 71 150 30.6

2 wt. % 
CBNP

32 985 170.5 71 150 52.0

4 wt. % 
CBNP

32 800 163.2 71 150 61.2

5 wt. % 
CBNP

32 870 160.1 71 150 57.2

2 wt. % 
GNP

32 982 168.5 71 150 51.1

4 wt. % 
GNP

32 873 163.2 71 150 57.6

5 wt. % 
GNP

32 840 157.1 71 150 56.0

Table 4 
Comparison of TC enhancement and photothermal efficiency with previous 
works.

Sample 
(composite 
PCMs)

Filler 
Concentration

TC 
enhancement 
(%)

Photothermal 
efficiency (%)

Ref.

LA +
graphene 
(Gr)

0.7 wt % 18.4 – [97]

LA +
graphene 
aerogel +
RGO

5 wt % 288.4 79.5 [98]

LA-SA +
silicon 
carbide 
(SiC)

0.075 Vol % 75.8 ​ [99]

LA+
expanded 
graphite 
(EG)

5 wt % 750 62 [91]

LA-SA +
copper 
oxide 
(CuO)

0.2 wt % 30.0 – [100]

LA+ silver 
(Ag) +
Graphene 
(Gr)

4 wt % 55 – [101]

LA+
expanded 
perlite +
EG

10 wt % 86 – [102]

LA + SWCNT 2 Vol % 37 ​ [103]
Paraffin wax 
+Ti2O3

9 wt % 37.8 76.96 [104]

Paraffin + EG 
+CB

10 wt % – 60.1 [105]

Paraffin +
POE +EG

7 wt % 127 58.2 [106]

LA + h-BN 2 wt % 27 ​ [107]
LA+CBNP, 

LA+GNP
4 wt % ~ 50, ~76 ~ 60.1, ~ 57.6 Present 

study
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observed ~150 mV (100 mW cm− 2) for PW/CRGO composite PCM 
under solar irradiation, respectively. These experimental results confirm 
that incorporating CBNP and GNP nanofillers holds significant potential 
for enhancing the photothermal conversion efficiency and solar ther
moelectric performance of pristine PCM. Table 5 summarizes the current 
TEG findings with previously reported TEG results.

4. Conclusion

In this work, significant enhancements in thermal energy storage and 
management performance of pristine PCM were achieved through the 
integration of dynamic PCM and nanofiller characteristics. In particular, 
~76 % thermal conductivity improvement and ~ 61 % photothermal 
conversion efficiency with 4 wt. % loading of GNP & CBNP-based 
composite PCM have been achieved, respectively, and this is because 
these nanofillers provide superior heat conducting pathways and have 
strong light absorption characteristics.

We demonstrated that the dynamic PCM (dynPCM) strategy im
proves power density and heat storage characteristics (charging pro
cess), and it exhibits superior potential to overcome the limitations of 
poor thermal conductivity and stability challenges in pristine/nano- 
enhanced PCM cases, respectively, for long-term use in TES applica
tions. Our experimental findings comprehensively explore (in much 
detail for the first time) the importance of nanofillers’ characteristics 
(physical, morphological, and loading ratio) on the various thermo
physical and optical characteristics (i.e. heat conduction, latent heat, 
volumetric heat storage capacity, viscosity, photothermal, and solar- 
thermal-electric performances) of the composite PCMs.

The heat conduction, effective thermal energy storage, and photo
thermal conversion performance were reported for lauric acid (LA)- 

based composite PCM loaded with various concentrations of CBNP and 
GNP. DSC findings indicated that phase change characteristics of com
posite PCMs remained almost constant, while latent heat storage ability 
slightly decreased with filler concentrations, whereas nanoparticle 
loadings effectively influenced the thermophysical properties of com
posite PCMs, and high viscosity hampered the convective heat transfer 
and photothermal conversion rate during the melting process.

Our designed pressure-enhanced CCM (dynPCM) setup creates a very 
thin melt layer, which helps minimize thermal resistance (melt front 
thickness at the interface) and boosts the thermal management perfor
mance of the PCM for the high heat flux of electronic devices. The 
dynPCM findings show that the optimum loading of the nanofiller 
further enhanced the thermal response (power density) due to syner
gistically showing a better heat flow (conduction) and a minimal impact 
on melt-front dynamics. In the present report, we explore the impor
tance of thermophysical properties, pressure-enhanced CCM, and opti
cal characteristics of carbon-based composite PCMs towards advancing 
latent thermal energy storage and management strategy compared to 
conventional pristine PCM-based techniques.
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[2] W. Chu, N. Duić, Q. Wang, Recent advances in energy storage and energy saving 
technologies: SDEWES special issue in 2022, Energy Storage Sav. 3 (1) (2024) 
1–4, https://doi.org/10.1016/j.enss.2023.09.001.

[3] J. Li, et al., Recent advances and perspectives in solar photothermal conversion 
and storage systems: a review, Adv. Colloid. Interface Sci. 325 (2024) 103118, 
https://doi.org/10.1016/j.cis.2024.103118.

[4] W. Lin, J. Lai, K. Xie, D. Liu, K. Wu, Q. Fu, D-mannitol/graphene phase-change 
composites with structured conformation and thermal pathways allow durable 
solar-thermal-electric conversion and electricity output, ACS. Appl. Mater. 
Interfaces. 14 (34) (2022) 38981–38989, https://doi.org/10.1021/ 
acsami.2c11843.

[5] D. Liu, C. Lei, K. Wu, Q. Fu, A multidirectionally thermoconductive phase change 
material enables high and durable electricity via real-environment solar-thermal- 
electric conversion, ACS. Nano 14 (11) (2020) 15738–15747, https://doi.org/ 
10.1021/acsnano.0c06680.

[6] T. Boldoo, V. Chinnasamy, H. Cho, Enhancing efficiency and sustainability: 
utilizing high energy density paraffin-based various PCM emulsions for low- 
medium temperature applications, Energy (2024) 131988.

[7] R. Fan, M. Wan, T. Zhou, N. Zheng, Z. Sun, Graphene-enhanced phase change 
material systems: minimizing optical and thermal losses for solar thermal 
applications, Energy 289 (2024) 129979.

[8] V. Chinnasamy, J. Heo, S. Jung, H. Lee, H. Cho, Shape stabilized phase change 
materials based on different support structures for thermal energy storage 
applications–A review, Energy 262 (2023) 125463.

[9] S. Wang, et al., Regulating cold energy from the universe by bifunctional phase 
change materials for sustainable cooling, Adv. Energy Mater. (2024) 2402667.

[10] Z.R. Li, N. Hu, L.W. Fan, Nanocomposite phase change materials for high- 
performance thermal energy storage: a critical review, Energy Storage Mater. 55 
(2023) 727–753, https://doi.org/10.1016/j.ensm.2022.12.037. August 2022.

[11] S. Zhao, et al., Elevating the photothermal conversion efficiency of phase-change 
materials simultaneously toward solar energy storage, self-healing, and 
recyclability, ACS Appl. Mater. Interfaces 14 (25) (2022) 29213–29222.

[12] H. Wang, X. Li, B. Luo, K. Wei, and G. Zeng, “The MXene /water nano fl uids with 
high stability and photo-thermal conversion for direct absorption solar collectors : 
a comparative study,” vol. 227, 2021.

[13] R.A. Lawag, H.M. Ali, Phase change materials for thermal management and 
energy storage: a review, J. Energy Storage 55 (2022) 105602.

[14] J. He, W. Chu, Q. Wang, Experimental study on pressure-enhanced close contact 
melting with PCMs for stable temperature control of high heat flux electronic 
devices, Appl. Therm. Eng. 230 (2023) 120707, https://doi.org/10.1016/j. 
applthermaleng.2023.120707. PA.

[15] M. Gür, E. Gürgenç, H. Co\csanay, H.F. Öztop, Novel nano-Y2O3/myristic acid 
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