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A B S T R A C T   

Phase change materials (PCMs) that are incorporated with highly conductive nanomaterials to fabricate com-
posite phase change materials (CPCMs), received much focus as a promising energy strategy for latent heat 
storage and conversion systems, due to their excellent thermophysical properties such as oxidation resistance and 
large enthalpies of fusion. However, the correct prediction of the thermal conductivity of these CPCMs remains 
deficient, mainly due to the lack of knowledge on the microscopic heat transfer mechanisms between the 
nanofiller and matrix interphase. Herein, a data-driven, modified Maxwell model is proposed to determine the 
thermal conductivity of these CPCMs, using milled carbon fiber (MCF)-reinforced PCMs as validation. This new 
model incorporates the aspect ratio and morphology smoothness of MCFs and introduces compatibility factors 
for different types of PCM matrices, which are paraffin and polyethylene glycol (PEG) respectively. At filler 
loadings above 15 wt%, the theoretical model gave poorer forecasts (with an average prediction error of 0.075) 
due to the random agglomeration of MCF nanoparticles, which can obstruct the phonon pathway. Regardless, 
this model accurately estimated the thermal conductivities of MCF/PCMs up to 9 wt% and 11 wt% MCF loading, 
with percentage fit values being 0.983 and 0.996 for PEG and paraffin systems, respectively. This model also 
eliminates the limitations of existing models, that were only suitable for composites with low filler loadings (<5 
wt%). Hence, this work provides a vital prediction guide for the thermal conductivity of commercial CPCMs.   

1. Introduction 

The exacerbation of global warming and the escalation of fossil fuel 
prices have drawn the attention of researchers to smart energy sub-
stitutes [1–5]. Composite phase change materials (CPCMs) are excellent 
candidates for improved thermal efficiency in latent heat energy storage 
applications [6–10]. CPCMs are intermixtures of conventional phase 
change materials (PCMs) and highly thermally conductive fillers, such 
as carbon-based nanomaterials, to achieve enhanced thermal properties, 
such as thermal diffusivity or degradation stability [11–15]. In addition, 
CPCMs can also be further encapsulated to prevent the leakage of molten 
core materials and nanoparticles during phase transitions [16–18]. 

Despite the excellent thermophysical features possessed by some of 
these carbon-based nanomaterials such as carbon nanotubes (CNTs), 

they are very expensive and have other disadvantages such as ineffective 
dispersion and compromised performance upon being functionalized 
[19,20]. Therefore, carbon nanofibers (CNFs) emerge as slightly cheaper 
alternatives as they eliminate the aforementioned limitations of CNTs. 
While the graphene-based CNTs are arranged as cones or stacked cups as 
compared to the intact cylinder of a single sheet of graphene in CNT 
[21,22], CNFs can be appropriately synthesized to reduce the intra-fiber 
interactions [23]. This is because the lower the Van der Waal’s forces 
within the CNFs, the better the stability when dispersed in polymer 
matrices [24]. This unique structure of CNFs leads to remarkable ther-
mal and electrical conductivity [25–28]. 

The thermal conductivity of CNFs usually fluctuates between 4 and 
450 W m− 1 K− 1, depending on the length of the high-temperature 
annealing period used for the fibre synthesizing process [29]. For 

* Corresponding author. 
E-mail addresses: tanlo.wong@postgrad.manchester.ac.uk, tan.wong@kit.edu (T. Lo Wong), yasith.perera@manchester.ac.uk (Y.S. Perera), cristina.valles@ 

manchester.ac.uk (C. Vallés), a.g.nasser@manchester.ac.uk (A. Nasser), chamil.abeykoon@manchester.ac.uk (C. Abeykoon).  

Contents lists available at ScienceDirect 

Thermal Science and Engineering Progress 

journal homepage: www.sciencedirect.com/journal/thermal-science-and-engineering-progress 

https://doi.org/10.1016/j.tsep.2024.102486 
Received 27 June 2023; Received in revised form 8 January 2024; Accepted 26 February 2024   

mailto:tanlo.wong@postgrad.manchester.ac.uk
mailto:tan.wong@kit.edu
mailto:yasith.perera@manchester.ac.uk
mailto:cristina.valles@manchester.ac.uk
mailto:cristina.valles@manchester.ac.uk
mailto:a.g.nasser@manchester.ac.uk
mailto:chamil.abeykoon@manchester.ac.uk
www.sciencedirect.com/science/journal/24519049
https://www.sciencedirect.com/journal/thermal-science-and-engineering-progress
https://doi.org/10.1016/j.tsep.2024.102486
https://doi.org/10.1016/j.tsep.2024.102486
https://doi.org/10.1016/j.tsep.2024.102486
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Thermal Science and Engineering Progress 50 (2024) 102486

2

instance, by ultrasonic mixing of CNF into paraffin and soy wax, the 
thermal conductivity increased from 0.32 W m− 1 K− 1 (of pristine 
paraffin) to 0.45 W m− 1 K− 1 at 10 wt% of CNFs [30]. The transient 
temperature response of these CPCMs was substantially improved, 
without adversely impacting the enthalpy of fusion of paraffin and soy 
wax, as the loading of CNF increased. 

Furthermore, highly conductive carbon fibers (CFs) were incorpo-
rated in two ways to enhance the thermal properties of paraffin wax: 1) 
random orientation of CFs and 2) use of fiber brush [31]. The results 
showed that the thermal conductivity of CPCMs increased linearly with 
the volume fraction of the CF brush irrespective of the fiber length. 
Moreover, the CF brush was useful for facilitating the thermal conduc-
tion of packed nanoparticles. Contrastingly, a mere 15 % increase was 
observed in thermal conductivity upon the addition of CNFs into 
paraffin [32]. 

However, the research on the implementation of CNFs as conductive 
nanofillers for PCMs in thermal storage systems has been limited. This 
was attributed to the pricey cost of CNFs. One affordable option would 
be the use of milled carbon fibers (MCFs), which are short-stranded 
fibrous powder, roughly 100 µm, manufactured from recycled carbon 
fiber, and are roughly 63 times cheaper than CNFs [33]. Hence, this 
study explores the use of MCFs to fabricate CPCMs that yield superior 
heat transfer properties. 

Alongside the experimentally measured thermal conductivities of 
PCM composites, many theoretical models were also established to 
predict the thermal conductivity of the polymer-based CPCMs. For 
example, the classical effective medium approximation (EMA) theories 
and the micromechanics technique made up the two most popular and 
distinctive types of thermal conductivity calculations. In EMA models 
[34–44], the polymer-based composites are assumed to be macroscop-
ically heterogeneous, and the low volume fraction of fillers, distant from 
one another, are also homogenously dispersed. On the other hand, the 
micromechanics method can be divided into variational principle [45] 
and the mean field approximations [46,47]. Table 1 summarizes the key 
outputs of these classical models. 

However, these models failed to precisely estimate the thermal 
properties of composite materials above the percolation threshold. The 

major difficulty in comprehending the thermal conductivity properties 
of composite materials is attributed to the lack of knowledge on the 
fundamental heat transfer mechanisms during phase transitions. In 
addition to the intrinsic thermal conductivities of the raw materials, as 
well as the corresponding filler fractions inside the base matrix, CPCMs 
generally possess a complex network. For instance, the irregular mor-
phologies and dispersion of nanofillers must also be taken into account 
for the estimation of the overall thermal conductivity. Moreover, the 
interfacial thermal contact resistance between the filler and matrix 
interphase also obstructs the heat transfer. This is generally due to 1) 
localized atomic disorder and acoustic mismatch near the interfacial 
regions [48], 2) the presence of defects in spherulites of crystalline 
polymers [49], leading to intense phonon–phonon or phonon-boundary 
scattering. 

Hence, throughout the last decade, many researchers attempted to 
improve the theoretical models by introducing other parameters, such as 
the geometries of particles and interfacial contact resistance. For 
instance, Xu et al. [50] revised the Maxwell model by using the potential 
mean-field theory in an infinitely-extended heterogenic composite. This 
approach eliminated the need to include the contributions from far field 
potentials after the spheres in mesoscale control were removed, hence 
the effective thermal conductivity can be calculated using linear su-
perposition. The salient feature of this model is the introduction of a 
contact resistivity fitting parameter that considers the behavior of 
discrete particles inside a continuous matrix. Yet only composites of low 
filler fractions, between 0.0 wt% and 0.8 wt% were tested in this study. 

In addition, Kim et al. [51] modified the Mori-Tanaka model by using 
the multi-inclusion and multi-phase composite principles, such as 
computing the thermophysical properties as tensors, namely the number 
of layers, orientation distributions, shapes, and elastic energies. Hence, 
this study was able to estimate the isotropic, in-plane, and cross-plane 
thermal conductivities of polymer composites that possess varying 
tubular lengths. Yet, the maximum filler loading tested for these carbon- 
nanotube-reinforced composites was merely 2.5 wt%. Finally, Zhai et al. 
[52] provided a comprehensive review on the effective thermal con-
ductivity of composites, using theoretical and simulation models. It 
summarized the effects of particles and microstructures on effective 
thermal conductance, such as complex particle shapes and folded or 
crooked particles, as well as aggregates, porosity, and connection 
mechanisms between interphases. The review indicated that most 
thermal conductivity models only focus on one parameter and lack the 
inclusion of different factors, hence, they cannot be applied universally. 

From the abovementioned model limitations, it is clear that dis-
crepancies exist in experimental CPCM’s thermal conductivities. Hence, 
a generalized model that considered new factors, such as the compati-
bility between the PCMs and nanofillers, was developed in this study to 
validify the thermal conductivities of these systems. In addition, the 
amount of thermally conductive fillers incorporated among phase 
change materials reported in the existing literature was limited to very 
low loadings (<5 wt%). Herein, MCFs with increasing range of weight 
fractions (from 1 wt% to 15 wt%) were added to traditional PCMs, 
paraffin, and polyethylene glycol (PEG), to improve their thermal per-
formances, via the temperature-assisted solution blending method. To 
confirm the trends in the thermal conduction of these CPCMs, the 
thermal conductivities of paraffin/MCF and PEG/MCF samples were 
then modeled using MATLAB, based on the experimental data. Thus, this 
work proposed a modified Maxwell model to compute the thermal 
conductivity of CPCMs, which helps eliminate the shortcomings of other 
theoretical models. 

2. Experimental procedure 

2.1. Materials 

In this study, paraffin wax and PEG were purchased from Sigma- 
Aldrich, United Kingdom. MCFs were obtained from Easy Composites 

Table 1 
A summary of classical models’ key findings.  

Researchers Model Outputs Ref. 

Maxwell Garnett Low amounts of spherical particles integrated to the 
matrix. Thermal interaction between embedded 
particles were ignored. 

35 

Hugo Fricke Filler particles (ellipsoid in shape) dispersed randomly 
inside the polymer matrix. No experimental verification 
for the calculation of the average temperature gradient 
ratio of two phases. 

37 

Hasselman & 
Johnson 

The influence of particle sizes and interfacial gaps 
between the fillers and matrix on the thermal diffusivity 
and conductivity. Applicable for dilute concentrations 
of dispersions only. 

38 

Bruggeman & 
Hanai 

The integral embedding principle was employed to 
calculate the thermal conductivity of multi-component 
systems, such as nanofluids, aerosols etc., and the effect 
of thermal interaction was considered. Accurate for 
high-filler-reinforced composites. 

39 

Every Introduced the factor of interfacial thermal resistance 
between the matrix and the filler particles in particulate 
composites. 

41 

Nan A comprehensive EMA model accounting for the filler 
loadings, interfacial resistance, orientation, and 
geometrical distribution and sizes of particles. 

44 

Mori & Tanaka An ellipsoidal heterogenic material within an infinitely 
uniform base matrix subjected to a continuum averaged 
heat flux. The average internal thermal stress of the 
matrix and the mean elastic energy of materials with 
inclusions of transformation strain were analysed. 
Presence of free interfacial free boundaries addressed. 

46  
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United Kingdom. All materials were used without any additional pro-
cessing or functionalization. Table 2 captures the price and physical 
properties of these raw materials. 

2.2. Fabrication 

The outline of the fabrication of these MCF-reinforced nano-
composites is shown in Fig. 1. The base PCMs were melted from solid to 
liquid state using a vacuum oven at 120 ℃ for 2 h to ensure that all 
impurities were removed. Then, the MCF nanofillers were added to 
different test tubes containing an acetone solution in a room tempera-
ture inside the ultrasonic bath. The ratio of nanofiller to acetone was 
maintained at 1:2, and this excess acetone solution ensured a complete 
dispersion of the MCFs. The loading fractions were chosen to range from 
1 wt% to 15 wt% to prevent significant agglomeration of MCFs, after a 
series of trial and error. Finally, the molten PCMs and MCFs were 
combined in multiple beakers and placed in an ultrasonic water bath 
(Elmasonic P) at 80 ℃ and 37 kHz for 8 h to guarantee thorough mixing 
between the PCMs and the MCFs, as well as complete evaporation of the 
excess of acetone. All these samples were immediately cooled in an ice 
bath to ensure homogeneous solidification and prevent the sinkage of 
MCF nanofillers due to gravity. 

2.3. Characterisation 

The morphologies of the samples were scrutinized by Scanning 
Electron Microscopy (SEM) (Tescan Mira3 SC). The accelerating voltage 
of 20.0 kV ensured that a sufficient number of electrons could penetrate 
through the surfaces without damaging the samples to produce clear 
images of these MCFs-filled CPCMs. A thermometer (Tempos, United 
States) was used to measure the thermal conductivity and thermal 
diffusivity of these samples, based on the transient line heat source 
method, which powered the heat through electric currents to the sensor 
needles. Finally, a total of 6 measurements per sample were obtained 
and averaged for the thermal properties, to ensure the reliability and 
reproducibility of these fabricated samples. 

3. Theoretical modelling 

To gain further insights into the heat transfer mechanisms in two- 
phase composites for energy storage applications, several historical 
models were developed to estimate the thermal conductivity of these 
composite polymers, as shown in Table 3. These models were theoret-
ical, empirical, and semi-empirical, depending on various factors such as 
the thermal conductivity of the matrices, the thermal conductivity of the 
fillers, the morphology of the fillers (shape and size) as well as the added 
volume of fillers [53]. 

For instance, the general Maxwell and effective medium theory 
(EMT) models were the two most widely used models to estimate the 
thermal conductivity of composite polymers. These two models assumed 
that fillers are of spherical shape, diffused in a continuously heteroge-
neous polymer matrix medium, in which the interfacial region between 
fillers and polymer is smooth [44,54], and these two models are only 
valid for weight filler fractions below 25 %. The interaction between the 
filler particles and the effects of particle morphology are ignored. 

Furthermore, the Geometric model developed by Ratcliffe consid-
ered the effect of interconnectivity between filler particles [55]. Based 
on this existing geometric mean model, Agari and Uno [56] later 
established another model with the addition of new constants and suc-
cessfully tested it with polymer composites. Moreover, Lewis and Niel-
sen proposed a model that considered the parameters of maximum 
packing number and volume fraction, as well as the effect of dispersed 
particles’ orientation and shape [57,58]. 

In contrast, Cheng and Vachon employed a probabilistic model and 
assumed that the distributive function of the discontinuous phase be-
tween polymer matrix and filler particles was parabolic [59–61]. All 
these models are summarized in Table 3. Since certain factors, namely 
the effect of crystallinity, orientation of nanoparticles, or formation ef-
ficiency of conductive chains suggested in these historical models could 
not be readily quantified, the models that were selected for comparison 
with this work’s experimental values for thermal conductivities were 
limited to the Geometric Mean, Maxwell and EMT models, respectively. 

The various symbols in Table 1 corresponded to the following terms. 
Kc, KPCM and KF are the thermal conductivity of the composites, organic 
PCMs, and nanofiller respectively; ∅ is the volume fraction of the added 
nanofillers; ∅m is the maximum packing fraction of the dispersed par-
ticles; A is a constant that can be determined, depending on the orien-
tation and shape of the dispersed nanoparticles; C1 is a factor that 
influences the effect of crystallinity of the organic PCM matrix, and 
finally C2 represents the ease in the formation of the conductive chains 
of the nanofiller particles. 

The majority of the existing models presumed the PCM composite 
matrix to be filled with spherical or conic structures. However, nano-
particles such as GNPs and HBN could exhibit a flat and hexagonal thin- 
plate structure. Therefore, the current models would not be a good 
representation of the shape of the nanofillers. Instead, aspect ratios are 
better dimensional parameters to characterize the physical structures of 
the nanofillers, irrespective of their shapes. 

Moreover, all the existing models have put emphasis on the thermal 
conductivity of the main polymer matrix. However, in reality, it was 
discovered that the major improvements in thermal conductivity were 
contributed mainly by the nanofillers, due to their much higher intrinsic 
thermal conductivities. Thus, a higher percentage share should be 
allocated to the thermal conductivity of the nanofillers. Furthermore, 
most of the existing models were tested using composites containing low 
loadings of filler particles, hence predictions for higher loadings were 
not accounted for. In addition, the presence of agglomerates of nano-
particles at large volumes can also lead to higher phonon scattering, 
hence hindering the phonons thermal paths. The PCM matrix might 
reach a saturation point where it cannot absorb any further nanofiller. 

Based on the abovementioned limitations, a modified Maxwell 
model shown in Equation (4.1) is proposed in this study, to estimate the 
solid-state thermal conductivity of PCM composites at all loadings. By 
the trial-and-error of constant fitting, this new model replaced the 
intrinsic thermal conductivity of pristine PCM with the product of 
compatibility factor and aspect ratio. 

KCPCM =
1
A
× Ccomp ×

KF + 2KPCM + 2∅f (KF − KPCM)

KF + 2KPCM − 2∅f (KF − KPCM)
(4.1)  

where KCPCM is the overall thermal conductivity of the PCM nano-
composite, KPCM is the intrinsic thermal conductivity of the PCM matrix, 
∅f is the volume fraction of the nanofillers, A is the aspect ratio of the 
nanofillers (which is better than the shape factor from previous models, 
as the majority of nanofillers are irregular in nature and will be struc-
turally deformed upon intense mixing during the fabrication processes), 
KF is the intrinsic thermal conductivity of the nanofillers, and Ccomp is the 
compatibility factor for each composite, which will be derived from the 
experimental data. Each of these new suggested parameters for calcu-
lating the CPCM’s thermal conductivity in this Maxwell-modified model 
are outlined in Table 4. 

Table 2 
Price and physical properties of materials used in this study.  

Name Properties Cost (£ per kg) 

Paraffin Wax Melting Point = 53 – 58 ℃ 48.4 
Polyethylene Glycol (PEG) Melting Point = 53 – 58 ℃ 49.5 

Bulk Density = 400 – 500 kg m− 3 

Milled Carbon Fiber (MCF) Fiber Length = 100 µm 22.75 
Fiber Diameter = 7.5 µm 
Fiber Density = 1800 kg m− 3  

T. Lo Wong et al.                                                                                                                                                                                                                               
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The compatibility factor changes from one PCM to another, and it 
can also vary based on the purity and quality of the pristine PCMs. Thus, 
to derive a suitable value of Ccomp, datasets for thermal conductivities 
and aspect ratios should be collected and, then, by starting at a 
reasonable value, be adjusted by increasing or decreasing the value of 
Ccomp in MATLAB so that the slope of the plotted curves gradually fits 
with the predicted thermal conductivities. 

This new model assumed that all the experimental measurements 
were carried out at temperatures between 290K and 300K, whereas it 
does not take into consideration the behavior of the PCM composites 
when there is significant agglomeration of particles, and it only predicts 
thermal conductivity values in the solid state. This is mainly due to the 
lack of data available for the liquid-state thermal conductivities for all 
organic PCM nanocomposites. To quantify the numerical comparisons 
between the experimental and empirical thermal conductivities, the 
normalized root-mean-square error (NRMSE) [62], calculated using 
Equation (4.2), was used. 

NRMSE =
1
σ ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(ŷi − yi)
2

n

√

(4.2)  

where σ is the standard deviation of data points, n is the sample size, ̂yi is 
the i th estimated value, and yi is the i th actual value. Therefore, the 
lower the NRMSE, the smaller the mismatches between the measured 
and predicted thermal conductivities of the CPCMs will be. 

Fig. 1. The preparation steps for the temperature-assisted solution blending fabrication of MCF-incorporated PCM composites.  

Table 3 
A summary of the theoretical models on the thermal conductivity for composite materials.  

Model Name Model Formulae Limitations of the Model 

Maxwell [44] 
Kc = KPCM ×

KF + 2KPCM + 2∅(KF − KPCM)

KF + 2KPCM − 2∅(KF − KPCM)

Invalid for large volume fractions of fillers 
(>25 wt%) and does not account for filler 
interactions. 

EMT [54] Kc =
1
4
(γ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γ2 + 8KFKPCM

√
)

Invalid for high volume fractions of fillers (>25 
wt%), requires samples of perfect inter-phases, 
and does not account for filler inter- 
connectivity at larger filler concentrations. 

γ = (3∅ − 1)×KF + [3(1 − ∅) − 1 ] × KPCM 

GeometricMean  
[55] 

Kc = KF
∅ × KM

1− ∅ Predictions only showed good agreement with 
experimental values from 0 wt% to 5 wt%. 

Agari & Uno [56] logKc = ∅C2logKF + (1 − ∅)log(C1KPCM) Predictions showed good agreement with 
experimental values for low filler loadings. Yet, 
it was difficult to measure the values of C1 and 
C2. 

Lewis & Nielsen  
[57,58] 

Kc = KPCM ×

1 + A
(

KF

KPCM
− 1

KF

KPCM
+ A

)

∅

1 − ∅
(

KF

KPCM
− 1

KF

KPCM
+ A

)(

1 + ∅ ×
1 − ∅m

∅m2

)

Despite a good agreement between 
experimental and predicted values, only a filler 
loading of up to 5 % were tested, and an 
average of filler loading of 3 % were used. 

Cheng & Vachon  
[59–61] 1

Kc
=

1 − B
KPCM

+
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C(KF − KPCM)[KPCM + B(KF − KPCM) ]

√ × ln

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KPCM + B(KF − KPCM)

√
+

B
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C(KF − KPCM)

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KPCM + B(KF − KPCM)

√
−

B
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C(KF − KPCM)

√

]

whereB =
( 3∅

2

)1
2
,C =

4
B  

The model predicted the thermal conductivity 
best for suspensions, which were within 18.2 %. 
The effects of convection and radiant heat 
transfer as thermal mechanisms were not 
considered.  

Table 4 
A summary of all the new parameters in the Maxwell-revised model in this study, 
for the calculation of CPCM’s thermal conductivity.  

Symbol Terminology Units 

A aspect ratio of nanofillers dimensionless 
Ccomp compatibility factor of composite dimensionless 
KF thermal conductivity of filler W m− 1 K− 1 

KPCM thermal conductivity of phase change material W m− 1 K− 1 

KCPCM thermal conductivity of composite phase change 
material 

W m− 1 K− 1 

∅f volume fraction of nanofiller dimensionless  
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4. Results and discussion 

4.1. Structure and morphology of CPCMs 

All the existing models for calculating the thermal conductivity of 
PCM composites assumed the base matrix to be filled with spherical or 
conic fillers. However, nanoparticles such as the MCFs employed in this 
study exhibited tubular structures with varying dimensions. The 
morphology of the PCM/MCF samples was analyzed using SEM. As 
shown by the SEM images in Fig. 2, the dispersity of the MCFs at low 
loadings (5 wt%) was quite uniform in both PCM matrices (i.e., paraffin 
and PEG), due to the weak Van der Waal’s interactions between the MCF 
particles. Yet, the random alignment of the MCFs and their agglomerates 
at higher loadings (15 wt%) intensifies the phonon scattering, which 
reduces the speed of heat transfer. The shattered MCFs with shorter 
lengths that resulted from inconsistent manufacturing and intense ultra- 
sonication, potentially led to obstructive channels for the heat carriers to 
flow through. In Fig. 2A and 2B, the paraffin/MCF composites exhibited 
progressively wrinkled surface textures with curling edges as the filler 
loading increased, and aggregation was observed at the highest loading 
(15 wt%) due to large specific surface areas and strong π–π bonding. Yet, 
the creases on these surfaces created network-like inter-filler structures 
which helped to enhance the matrix-filler interaction and accelerated 
the heat transfer through the composite. 

Similarly, the overall surfaces appeared rougher in the PEG/MCF 
composites as the filler loading was increased, but fewer agglomerates 
were seen in this system. Spherulites were also observed in the pristine 
PEG, which accounted for its slightly higher thermal conductivity rela-
tive to that of pure paraffin. This is attributed to the fact that the PEG 
molecules with higher crystallinity have higher bond energies in their 
polymeric backbones, leading to enhanced thermal conductivity. How-
ever, some of the added MCFs were torn apart by the spherulites in the 

PEG matrices. This reduced the aspect ratio of the MCFs, which in turn 
decreased the intrinsic thermal properties of the MCFs, as well as the 
overall thermal conductivity of the composites. Moreover, Fig. 2C and 
2F show that the surface of a single strand of MCF was very rough, with 
lots of indentations and unknown particles adhered to the fibrous 
structures and showing quite fussy cross-sectional outlines, which had 
an effect on the phonon–phonon and phonon-boundary scattering. 

The chemical functional groups in the resulting paraffin/MCF and 
PEG/MCF samples were also investigated using the Fourier Transform 
Infrared Spectroscopy technique, as shown in Fig. 3. This was performed 
to assure that no chemical reactions took place within the mixing pro-
cess, which might create new substances. In specific, the peaks present 
in paraffin wax corresponded to the typical long chain methyl CH2 
rocking, CH bending, and alkane (–C–H) stretch at wavenumbers 719 
cm− 1, 1462 cm− 1 and 2915 cm− 1, respectively, as seen in Fig. 3A. In 
addition, from Fig. 3B, the extra peaks observed in PEG were –C–O 
stretching and –O–H bending at wavenumbers 1095 cm− 1 and 958 cm− 1 

respectively. Moreover, the characteristic peaks of strong C–C bonds at 
approximately 2900 cm− 1 for milled CF were also significant in both 
types of composites. Hence, all these CPCMs contained the correct ab-
sorption peaks of the constituent raw materials. This confirmed that the 
milled CF was physically combined and incorporated to the pristine 
organic PCMs. 

Nevertheless, the existing models, which only included the intrinsic 
thermal conductivities of pure PCMs and nanofillers, were not repre-
sentative enough of the MCF-reinforced organic CPCMs, as the shape 
and smoothness of the MCF fillers, as well as their compatibility with the 
organic PCMs were not addressed. The aspect ratios were, thus, intro-
duced in this new model to characterize the dimensions of MCFs, and the 
presence of nanoparticles’ aggregates are also taken into consideration 
when estimating the overall thermal conductivity of these CPCMs. 

Fig. 2. SEM images of paraffin/MCF and PEG/MCF at 5 wt% (A, D) and 15 wt% (B, E) loading fractions respectively; as well as the SEM images of high magnification 
(4000X) of MCFs that were incorporated inside the paraffin (C) and PEG (F) matrices. 
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4.3. Heat transfer properties of CPCMs 

The thermal diffusivity and thermal conductivity of the paraffin/ 
MCF and PEG/MCF composites, as shown in Fig. 4, were measured using 
a transient-line-sourced thermometer. It can be clearly seen that both 
properties increased progressively with MCF filler loadings in both 
systems. This finding was attributed to the fact that the intrinsic thermal 
conductivity of MCFs was much higher than that of neat paraffin and 
PEG. In Fig. 4A, the thermal diffusivity of paraffin/MCF was found to 
steadily increase from 0.26 mm2 s− 1 to 0.33 mm2 s− 1 with increasing 
filler loading, whereas the rate of growth was found to slightly decrease 
at filler loadings > 10 wt%. This was mainly attributed to the agglom-
eration of MCF particles, as these aggregates caused phonon scattering 
and deflected the heat carriers when they permeated the paraffin matrix 
[63]. Similarly, the thermal diffusivity of PEG/MCF reached a maximal 
value of 0.35 mm2 s− 1 at a filler loading of 15 wt%, as some of these MCF 
agglomerates oriented unidirectionally establishing a highly conductive 
channel that helps phonon diffusion, with the extent of improvement in 
the rate of heat transfer superseding the reverse impact of phonon in-
terferences [64]. 

In Fig. 4B, the thermal conductivity of PEG/MCF also exhibited a 
linear rise of 56.4 % in the thermal conductivity from 0.294 W m− 1 K− 1 

to 0.673 W m− 1 K− 1 with increasing filler loading. This implied that the 
spherulites present in the PEG matrix forced the MCF fillers to align in a 
particular direction, which promoted the flow of phonons in a single line 
of interest which, in turn, lowered the interfacial thermal contact 
resistance between the PEG matrix and the MCFs. Likewise, the thermal 
conductivity of paraffin/MCF also experienced a 57.1 % increment from 
0.265 W m− 1 K− 1 to 0.618 W m− 1 K− 1 when the filler loading increased 
from 0 wt% to 16 wt%, reflecting that MCFs were equally compatible 
with the paraffin molecules. However, the thermal conductivity found 
for the paraffin/MCF was lower than that found for PEG/MCF, mainly 
due to the slightly lower intrinsic thermal conductivity of the paraffin 
relative to that of the PEG. 

To further comprehend the thermal properties of MCF-incorporated 
CPCMs, in terms of storage applications, the melting temperature and 
enthalpies of fusion for paraffin/MCF and PEG/MCF composites were 
analysed, as shown in Fig. 5. The phase transition temperature, in Fig. 5A, 
from solid to liquid state, fluctuated between 55℃ and 59℃ for all both 
types of samples. In general, the PEG/MCF had slightly higher melting 

Fig. 3. The Fourier Transform Infrared Spectroscopy (FTIR) diagrams for paraffin/MCF (A) and PEG/MCF (B) composites at 5 wt% and 15 wt% loading fractions 
respectively. 

Fig. 4. The experimentally measured (A) thermal diffusivity and (B) thermal conductivity of paraffin/MCF and PEG/MCF composites.  
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points than that of paraffin/MCF across different loadings, which can be 
attributed to the higher phase transition temperature of pristine PEG. 
Interestingly, there was no significant correlation between the melting 
temperature and the MCF loading. This meant that the intrinsic phase 

transition of pristine organic PCM were negligibly affected as the con-
centration of nanofillers was increased from 1 wt% to 15 wt%. 

On the other hand, the overall enthalpy of fusion for both paraffin/ 
MCF and PEG/MCF samples was inversely proportional to the nanofiller 

Fig. 5. The variation in melting temperature (A) and enthalpy of fusion (B) for paraffin/MCF and PEG/MCF composites as the loading fraction of fillers increased 
from 1 wt% to 15 wt%. 

Fig. 6. A comparison of the existing theoretical models on the thermal conductivity of (A) paraffin/MCF and (B) PEG/MCF composites with this study’s experimental 
values and the forecasted values from the modified Maxwell model as the MCF filler loadings increased from 1 wt% to 15 wt%, as well as two scatter plots illustrating 
the actual and predicted thermal conductivities for (C) paraffin/MCF and (D) PEG/MCF composites respectively. 
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loading, as shown in Fig. 5B. This is mainly the consequence of lower 
intrinsic latent heats for MCF fillers as compared to that of pristine PCM 
materials. Hence, as these MCFs take up much more space within the 
PCM matrices, there will be an increase in the pressure of the PCM pores, 
this decreases the molecular heat transfer and hence the enthalpy of 
fusion will decrease. Similar to that of melting temperature trends, all 
the PEG/MCF composites had a higher enthalpy of fusion than that of 
paraffin/MCF composites. This can be attributed to the higher intrinsic 
enthalpy of fusion of PEG in comparison with paraffin wax. From 
Fig. 5B, it can be observed that the paraffin/MCF samples experienced a 
very small increment of 2.53 % in enthalpies at lower MCF loadings 
(below 7 wt%). Due to the introduction of low amounts of MCFs, there 
was an increase in the degree of order in the molecule and increases the 
entropy of the system. Therefore, these MCFs formed interactions with 
the paraffin matrix and hence facilitated the network structure of the 
CPCMs, as a result it required more thermal energy to change the state 
from solid to liquid. 

To summarize, the differences in the polymeric arrangements and 
trends in both systems implied that MCFs held better interactions with 
the PEG. After obtaining the thermometer-measured values of thermal 
conductivities of the CPCMs at various MCF filler loadings, these 
experimental data could then be compared with the predictions of the 
existing theoretical models and also used to justify the modified Maxwell 
model suggested in this study. 

4.3. Validation of the modified Maxwell model 

A comparative plot of the experimental thermal conductivities with 
those predicted using various models is displayed in Fig. 6. An aspect 
ratio of 13.3 was calculated for MCFs from the dimensions provided by 
the manufacturer whereas the measured intrinsic thermal conductivity 
of MCFs was approximately 1000 W m− 1 K− 1. One drawback of this 
model was that any broken MCFs, which could reduce their aspect ratio, 
was not taken into account. From Fig. 6, it can be seen that the paraffin/ 
MCF and PEG/MCF composites showed a better fit with this new model 
relative to previous models (which are Geometric Mean, Maxwell and 
EMT respectively), which must be mainly attributed to the inclusion of 

the aspect ratio and the compatibility factors. These parameters were 
not taken into account in the other models. 

The compatibility factors, Ccomp, trialed from MATLAB, were deter-
mined to be 3.625 and 4.455 for paraffin/MCF and PEG/MCF samples, 
respectively, and were in agreement with the thermal behavior found 
experimentally for these two systems. This implied that the PEG mole-
cules were more compatible with the MCFs relative to the paraffin wax. 
The values for Ccomp considered the differences between the network 
structure of core PCM matrices, as well as the nature of the interactions 
between the MCF fillers and these matrices. Ccomp would also vary based 
on fabrication procedures and types of paraffin or PEG, such as shorter 
or longer chains of alkanes. 

In terms of the effect of the volume fraction and aspect ratio of the 
nanofillers on the overall thermal conductivity of CPCMs, it was found 
that by minimizing the aspect ratio of the nanofillers, the thermal con-
ductivity of CPCMs was improved. This finding was attributed to the 
suppression of large agglomerates of nanomaterials in the matrix, 
especially when long strands of MCF are used, such as in the present 
study. With regard to the volume fraction of the nanofillers, a substantial 
enhancement in the thermal conductivity of the CPCMs was observed 
with increasing volume fraction of highly-conductive nanofillers. 
However, depending on the type of pristine PCM, a very high loading of 
nanofiller particles can instigate some levels of aggregation, which will 
inhibit the flow of heat carriers, eventually leading to a saturation of the 
maximum thermal conductivity of the CPCMs. 

Moreover, the agglomeration of the MCF particles that occurred at 
high loadings was found to deviate the thermal conductivity of the 
CPCMs. It could either 1) form a highly thermally conductive pathway 
that significantly improves the overall thermal conductivity, which can 
be modeled using exponentials or high-order polynomials, or 2) restrict 
the heat carriers and decrease the thermal conductivity, which can be 
alternatively modeled with logarithms or negatively-sloped linear 
polynomials. 

From the residual plots shown in Fig. 7, it is clear that the thermal 
conductivities calculated for both CPCM systems had minimal differ-
ences from the experimental values. It can also be seen that the fore-
casted thermal conductivity of the PEG/MCF samples had fewer 
mismatches than that of the paraffin/MCF samples. This was further 
confirmed by the smaller normalized RMSE value of PEG/MCF relative 
to the paraffin/MCF, as displayed in Table 5. The half-lowered predic-
tion errors determined for the PEG/MCF composites also reflected their 
better fit with the model, owing to the enhanced PEG/filler interactions 
and prominent compatibility relative to other system. 

The presence of MCFs’ aggregates at higher filler loadings usually 
interferes with the heat carriers, decreasing the rate of heat transfer, 

Fig. 7. Graphs illustrating the residuals calculated from the differences between the model predictions and actual experimental values for A) paraffin/MCF and B) 
PEG/MCF composites. 

Table 5 
Performance evaluation of the modified Maxwell model for different CPCMs.   

R2 value Normalized RMSE 

Paraffin/MCF samples  0.983  0.123 
PEG/MCF samples  0.996  0.058  
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although sometimes these agglomerated nanoparticles can establish a 
highly thermally conductive network, which then provides a continuous 
phase for the phonons to travel through. Regardless, at moderate filler 
loadings of approximately 10 wt%, the modified Maxwell model in this 
study exhibited an excellent fit to the experimental data for both CPCM 
systems, as confirmed by the R2 values being extremely close to 1. 

There are still a few limitations to this new model though. Firstly, 
this study is only valid for thermal conductivities of solid CPCMs, as it is 
difficult to accurately measure and model the thermal conductivities of 
liquid CPCMs. Secondly, this study was not able to account for potential 
aggregations of particles at high loadings. The tendency of the particles 
to agglomerate in the matrix depends on many factors, such as the 
quality of the raw PCMs, the composites fabrication methods, as well as 
the synthesis of the nanofillers. Besides, if cracks and voids were present 
in the samples, the predicted thermal conductivity of the CPCMs would 
also be accordingly reduced. All in all, this model will benefit from 
further justification with lots of different datasets. 

5. Conclusions 

In conclusion, to comprehend the heat transfer mechanisms of PCM/ 
MCF composites, several factors must be taken into consideration, such 
as the dispersion of the MCF’s in the matrix, the filler loading, the se-
lection of the PCM matrix as well as the compatibility between the PCM 
matrix/MCF boundaries. 

Hence, the modified Maxwell model suggested in this work esti-
mated the thermal conductivity of paraffin/MCF and PEG/MCF com-
posites quite accurately, in contrast to the previous models. Generally, as 
the phonon scattering increased due to the presence of agglomerates 
(especially at the high filler loadings), the thermal conduction pathways 
were adversely affected, which slowed down the diffusion rate of pho-
nons, leading to reduced thermal diffusivity and thermal conductivity of 
the CPCMs. However, in special scenarios, these aggregates, when ar-
ranged in similar directions to the flow of phonons, could increase the 
rate of heat transfer. Despite the several breakthroughs, such as the 
much-improved thermal properties (due to the uniform distribution of 
MCF nanoparticles at moderate filler loadings), the research is still in its 
early stage as researchers attempted to address the bottlenecks of the 
precise estimation of CPCM’s thermal conductivities. Some other factors 
that were not investigated in this study are:  

1. The functionalization of the nanofillers to reduce the interfacial 
thermal contact resistance 

2. The processing techniques for the nanofillers, such as using a mag-
netic field to promote an alignment of the MCFs in one direction to 
facilitate the phonon transfer through the matrix.  

3. The porosity and viscosity of conventional PCMs in solid and liquid 
states 

Therefore, this new model sheds light onto the prediction of the 
thermal conductivity of PCM/MCF composites and can be flexibly 
applied in CPCMs with different nanofillers and PCM matrices, as long as 
the aspect ratio of nanoparticles, intrinsic thermal conductivities of 
constituent materials, and the compatibility factors are individually 
assessed. 
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