
materials

Article

Heat Storage of Paraffin-Based Composite Phase Change
Materials and Their Temperature Regulation of Underground
Power Cable Systems

Peiling Xie, Haoliang Huang, Yuchang He, Yueyue Zhang and Jiangxiong Wei *

����������
�������

Citation: Xie, P.; Huang, H.; He, Y.;

Zhang, Y.; Wei, J. Heat Storage of

Paraffin-Based Composite Phase

Change Materials and Their Temperature

Regulation of Underground Power Cable

Systems. Materials 2021, 14, 740.

https://doi.org/10.3390/ma14040740

Academic Editor: Juan F. Rodriguez

Received: 6 January 2021

Accepted: 30 January 2021

Published: 5 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Materials Science and Engineering, South China University of Technology, Guangzhou 510640, China;
xplgreat@163.com (P.X.); huanghaoliang@scut.edu.cn (H.H.); hycperfect@163.com (Y.H.);
msyyzhang@163.com (Y.Z.)
* Correspondence: jxwei@scut.edu.cn; Tel.: +86-020-87114137

Abstract: Excessive heat accumulation in backfill materials causes thermal fatigue damage in un-
derground power cable systems that significantly affects the cable carrying capacity. To improve
the thermal conditions of the system, two types of composite phase change materials (CPCMs)
were prepared by incorporating paraffin into porous ceramsite (CS)/expanded graphite (EG) in this
study. EG and CS can carry 90 and 40 wt.% paraffin, respectively. The phase change temperature of
paraffin/CS and paraffin/EG CPCMs was approximately 65 ◦C, and the corresponding latent heats
were 63.38 J/g and 156.4 J/g, respectively. Furthermore, the temperature regulation by CPCMs was
evaluated experimentally by designing a setup to simulate the underground power cable system.
The reduction in the maximum temperature of the backfill materials with paraffin/CS CPCM and
paraffin/EG CPCM was approximately 7.1 ◦C and 17.1 ◦C, respectively, compared to reference
samples. A similar conclusion was drawn from the heat flux curves. Therefore, the prepared CPCMs
could significantly alleviate temperature fluctuations, where the paraffin/EG CPCM provided better
temperature regulation than paraffin/CS CPCM. Both materials have potential applications for use
in backfill materials for underground power cable systems.

Keywords: porous ceramsite; expanded graphite; paraffin-based CPCMs; underground power cable
system; temperature regulation

1. Introduction

Population growth and an increasing electric energy demand has resulted in the
extensive growth of power cable applications. Underground power cable systems (UPCSs)
are considerably superior to cable tunnels or overhead transmission lines because of their
facile construction, the absence of disturbances to surroundings, and cost savings, and play
a dominant role in modern power cable network systems. The safe and efficient operation
of underground cables is key to ensuring transportation by power cable systems [1,2].

Cables at their maximum carrying capacity are generally considered to have the
highest commercial value. A consideration of Joule’s law shows that the carrying capacity
depends on the conductor temperature. For safety considerations, the recommended
optimum temperature is 60 ◦C, and the limiting temperature is 90 ◦C [3]. However, the dry
zones around a cable that usually form under long-term thermal cycling conditions lead to
a sharp rise in the temperature of UPCSs. Therefore, the ability to dissipate heat from the
cable to its surroundings is an important performance parameter for evaluating a buried
cable system [4].

Backfill material is a medium used to transfer heat from cables to the surrounding
soil, and is widely used to improve the external heat dissipation environment of cables.
The International Electrotechnical Commission (IEC) provides formulas to calculate UPCS
current ratings, which show that using surrounding backfill materials with a high thermal
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resistance results in an increase in operation temperature and prevents an increase in the
electrical ampacity [5,6]. The thermal resistance of backfill materials depends strongly on
the material moisture content, but water migration is unavoidable under the continuous
heat release from cables. Thus, the heat capacity of the backfill material can be increased to
effectively manage the UPCS thermal environment.

Phase change materials (PCMs) are a class of energy storage materials based on latent
heat mechanisms that can release or absorb heat via phase changes (usually solid–liquid
transitions). PCMs exhibit considerable potential for temperature adjustment and thermal
management. They are widely applied in many fields, such as smart textiles, water heat,
solar energy, and buildings [7–12]. In principle, PCM behavior can be used to reduce
extreme temperatures and temperature fluctuations in UPCSs, thereby extending the cable
life and decreasing maintenance costs; the function and significance have been verified by
many studies [13–16].

There are common methods for PCM to be applied to engineering projects: (1) PCM
can be directly added into the backfill materials, but subsequent volatilization, leakage,
and corrosion cannot be neglected. Meanwhile, volume changes in the PCM during phase
transitions increase the possibility of deformation of backfill materials, leading to poor
compatibility [17–19]. (2) Microencapsulated PCM techniques have been proposed over the
years, but the high production costs and low thermal conductivity of PCMs must be consid-
ered for engineering applications [20]. (3) PCMs can also be combined with microporous
materials (carrier matrix materials), such as diatomite, expanded perlite, montmorillonite,
and metal foams to produce composite PCMs (CPCMs) to effectively combine structural
and functional performance [21]. Many studies [22–26] have shown that paraffin/ceramsite
(CS) and paraffin/expanded graphite (EG) CPCMs improve PCM thermal stability or ther-
mal conductivity while advancing practical engineering applications.

Some studies have shown the application of PCMs to the construction of ground
heat exchangers, a condition similar to UPCSs, for which backfill materials are needed
to transmit energy [27–29]. The large latent heat absorption and clear diminishing of
temperature variations during phase transformation are essential for alleviating the impact
of UPCSs on the soil temperature field. Furthermore, the intermittent operation of UPCSs
on a regular daily schedule facilitates the operation and recovery of the PCM phase process
for each cycle, which is very important for long-term stable system operation [30,31].
However, existing studies on cable backfill materials have mostly focused on increasing
the thermal conductivity, such that there have been no significant improvements in either
the heat accumulation or the heat capacity of these materials. The use of suitable CPCMs
to control the thermal environment represents a novel direction in the UPCS field, whereby
the thermal properties and stability of CPCMs could be improved for cable engineering.

In this study, paraffin was used as an energy storage substance for a UPCS and incor-
porated into two carriers with abundant porous structures, namely, ceramsite (CS) and
expanded graphite (EG). The morphological characteristics, thermal properties, and re-
liability of the prepared composite PCMs (CPCMs) were investigated in detail. On this
basis, CPCMs were added as a functional component into backfill materials to increase
the materials’ heat capacity and reduce the temperature fluctuations of the UPCS. In addi-
tion, a UPCS-like physical model was constructed to evaluate the temperature regulation
by CPCMs.

2. Materials and Methods
2.1. Raw Materials

Paraffin (min 98% pure, industrial grade) was purchased from Shanghai YiYang
Instrument Co., Ltd. (Shanghai, China) and its thermophysical properties are shown in
Table 1. Paraffin offers the advantages of a high storage heat capacity, good chemical
stability, low corrosion, and low cost.
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Table 1. Thermophysical properties of paraffin.

Material Melting Point (◦C) Density of Liquid
Phase (g/cm3)

Density of Solid
Phase (g/cm3)

Specific
Heat (kJ/m3·K)

Thermal
Conductivity (W/m·K)

Paraffin 60–64 0.768 0.900 1635 0.405

Commercially available porous ceramsite (CS) (Gardening Co., Ltd., Guangzhou,
China) was used as a support material to prepare the CPCMs, and the chemical composition
and basic physical characteristics of CS are presented in Table 2. The strong adhesion and
stable physical properties of CS promote the loading of paraffin, a supporting material
used in this study [32].

Table 2. Chemical composition and physical characteristics of porous ceramsite (CS).

Chemical Compositions (wt.%)

SiO2 K2O Fe2O3 MnO P2O3 SO3 Al2O3 Na2O TiO2 CaO MgO
52.92 2.83 13.39 0.45 0.19 0.15 20.84 0.66 0.95 6.13 0.99

Physical Characteristics of Porous CS

Cylinder Compressive
Strength (MPa) Water Absorption (%) Bulk Density

(g/cm3)
Diameter Range

(mm)

2.20 11.00 0.40 3.0–5.0

Expanded graphite (EG) was produced by drying expandable graphite (Graphite Co.,
Ltd., Qingdao, China) with an expansion rate of 250 mL/g in an oven at 80 ◦C for 24 h,
followed by rapid expansion in a high-temperature furnace.

Epoxy resin (ER) (Chemical Co., Ltd., Chengdu, China) and hardener were then used
to encapsulate the CPCM to prevent leakage [33].

Bentonite, sand, ordinary Portland cement, and some additives were purchased from
local merchants(Minerals Co., Ltd., Guangzhou China) in Guangzhou for use as backfill
materials, and the composition of the cable filling paste in a blender was adjusted to obtain
a low initial viscosity and good thermophysical properties, as shown in Table 3 [34,35].

Table 3. Basic physical properties of cable backfill material.

Fluidity (mm) Initial Viscosity (Pa·s) 24 h Viscosity (Pa·s) Thermal
Conductivity (W/m·K) Specific Heat (kJ/m3·K)

185 0.071 0.287 0.77 3626

Note: The fluidity typically reflects the working performance of a paste and is determined using a flow table.

2.2. Sample Preparation
2.2.1. Paraffin/CS CPCM

The CS was prepared for use in the paraffin/CS CPCM by washing to remove impuri-
ties within the pores, followed by complete drying and sieving. Paraffin was incorporated
into the CS by the vacuum impregnation method. A prescribed quantity of CS was placed
in a conical flask, to which completely melted liquid paraffin was added in excess to
cover the CS under vacuum conditions. When no more bubbles appeared around the CS,
the samples were placed in a sieve to remove excess liquid PCM. The samples were cooled,
thus completing the CPCM preparation.

Then, epoxy resin was mixed with a curing agent in a 3:1 ratio and used to coat the
paraffin/CS CPCM. The samples were cured for 12 h to yield encapsulated paraffin/CS
CPCM. A schematic of the preparation of encapsulated paraffin/CS CPCM is shown
in Figure 1.
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Figure 1. Schematic of the preparation of the encapsulated paraffin/CS composite phase change
material (CPCM).

2.2.2. Paraffin/EG CPCM

Next, melting impregnation was used to prepare paraffin/EG CPCM: EG was added
to completely melted liquid paraffin, and the mixture was stirred mechanically for 3 h to
ensure that the paraffin entered the EG pores and the composite was uniformly mixed.
The paraffin was fully absorbed by the EG for a mixture with 10 wt.% EG, in accordance
with the results of Xia et al. [36]. The composite powders were cooled and compressed into
a cylinder with a diameter of 10 mm, height of 10~12 mm, and density of 1.83 g/cm3 by
dry pressing in a mold. A pressure of 5 MPa was applied for 120 s to form samples for
thermal stability measurements and use as backfill material. The fabrication process of the
formable paraffin/EG CPCM is shown in Figure 2.
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2.2.3. Backfill Materials with CPCMs

The backfill materials were prepared in a blender, and were comprised of components
such as bentonite, sand, ordinary Portland cement, and some additives, as previously
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reported [35]. Paraffin/CS CPCM and paraffin/EG CPCM were then added to the backfill
materials for cable filling. The obtained composites were poured into the model and
maintained under ambient air for 24 h. This filling medium had good fluidity in the initial
state and solidified into a gel with good water retention and low thermal resistance after
24 h.

2.3. Characterization of CPCMs

The morphological characteristics of CS, EG, and the filling characteristics of CPCMs
were observed by scanning electron microscopy (SEM, EVO 18, ZEISS, Jena, Germany).
The paraffin load content and the thermal stability of the CPCMs were studied by ther-
mogravimetry (TG, 182 449 C, Netzsch STA, Berlin, Germany) with heating from 25 ◦C
to 600 ◦C at a heating rate of 10 ◦C/min in an air atmosphere. The thermal properties
were measured by differential scanning calorimetry (DSC, 182 449 C, Netzsch STA, Berlin,
Germany). Scanning was conducted at a heating rate of 10 ◦C/min from 25 ◦C to 90 ◦C in
an N2 atmosphere. The latent heat was obtained by using numerical integration to calculate
the area under the peak of the DSC curve.

2.4. Thermal Reliability Test of CPCMs

A self-designed leakage test was used to measure the thermal reliability of the CPCM
samples. Colored markers were used to draw circles on the center of the filter papers.
The same quantity of the samples was placed on filter papers, which were then placed in
an oven at 90 ◦C for 30 min to ensure that the phase change had taken place. The filter
papers were removed and cooled to room temperature, and the traces of liquid paraffin on
each filter paper were observed. Three parallel samples were taken for each test, and the
average result was used to reduce error.

2.5. Evaluation of Temperature Regulation Effect
2.5.1. Test Set-Up

Figure 3a shows the self-designed experimental setup that simulates actual UPCS
working conditions that were used to study temperature regulation by cable backfill
materials containing CPCMs. This apparatus was used to analyze the heat transfer process
between the surrounding backfill materials containing CPCMs and the electrical conductor.
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The setup was equipped with a heat insulation cylinder, a thermal source, a voltage
regulator, and recording systems. These test facilities are described below.
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1. The heat insulation cylinder had approximate dimensions of 200 mm × 220 mm (di-
ameter × height) and was made of polyvinyl chloride. The cylinder was initially open
at the top and was then filled with backfill materials and sealed with the surrounding
soil. The cylinder exterior was wrapped with tinfoil to create an insulation boundary
against the outside environment.

2. The thermal source consisted of an electric heating tube (D = 20 mm, 200 W) placed
inside an alundum tube (D = 50 mm, Al2O3 > 98%, excellent heat conductivity) for
protection. The source was placed on the symmetry axis of the major side of the
container to facilitate even heat release.

3. The voltage regulator was used for temperature control to prevent the cable operating
temperature from exceeding 90 ◦C. Temperature control for the heating conductor
was thus realized.

4. The temperature recording system included four temperature sensors, four heat
flux sensors, and a temperature recorder. All the sensors were contact-type sensors
and were used to measure the temporal evolution of the temperature and heat flux,
where the sensor distribution is presented in Figure 3b. This area was thermally
monitored by eight sensors evenly spaced over a distance of 20 mm. Temperature
thermocouples (K-style) were purchased from Guangzhou QianHui Instruments Co.,
Ltd., Guangzhou, China. The thermoresistances (JZRL-2) used to measure the heat
flux were supplied by TINEL Environment Energy Instruments Co., Ltd., Liaoning,
China and operate on the principle of electric heating. The data recorder has 12
channels and can accurately capture the temperature and heat flux signals at the same
time. The entire experimental setup was located inside a thermostatic environment
and insulated against the external environment.

2.5.2. Experimental Process

The experimental device was assembled as described above, and the CPCMs were
used as a functional component to substitute 10 wt.% of the backfill materials for samples
B# (added paraffin/CS CPCM) and C# (added paraffin/EG CPCM) to characterize the
temperature regulation by the materials relative to that by the original backfill materials
without CPCMs (samples A#). Samples A# corresponded to the control models, whereas
samples B# and C# corresponded to the experimental models.

The cable backfill materials with/without CPCMs were first placed in a constant-
temperature environment. Then, an input voltage (50 V) of the electric heating tube was
applied and maintained to steadily produce and conduct the heating power. The tempera-
ture and heat flux change of each sensor were tested during the heating/cooling process,
which was scheduled as 6 h of heating and 18 h of cooling.

3. Results
3.1. Morphological Characteristics

The morphology and sections of CS and paraffin/CS CPCM were observed by SEM.
Figure 4a shows numerous connected and closed pores in the CS. The CS pore structure pro-
vides an excellent framework for the PCM that effectively prevents leakage [37]. Figure 4b
shows that most of the pores were filled or covered by PCM, indicating that paraffin and
CS were successfully combined by the vacuum impregnation method.

The SEM images of EG and paraffin/EG CPCM are displayed in Figure 4c,d. Figure 4c
shows numerous interconnected open micro-honeycomb pores in the structure that enable
paraffin adsorption. Figure 4d shows an image of the paraffin/EG CPCM, in which the
pore structure is mostly covered with paraffin, demonstrating good compatibility between
EG CPCM and paraffin. The adsorption properties of paraffin/EG CPCM were influenced
by the unique network porosity of EG [38].
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3.2. Load Capacity of Paraffin on CPCMs and Thermal Stability

Figure 5 shows the TG curves of CS, paraffin, paraffin/CS, and paraffin/EG CPCMs
that were used to quantitatively analyze the load capacity of paraffin on the CPCMs.
The curves shows that there was a clear mass loss of paraffin and the CPCMs during
the experimental process with little CS and EG loss: these results were attributed to the
volatilization of paraffin and the excellent thermal stability of the matrix materials.
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The paraffin mass fraction in the CPCMs is denoted by x. The paraffin mass fraction
can be calculated by the formula a(1 − x) + bx = c, where a, b, and c are the mass losses of
CS/EG, paraffin, and the CPCMs, respectively. The observation that a = 0 and b = 1 in the
curves indicates that the total mass losses of the CPCMs were almost equal to the paraffin
load capacity on the CPCMs (i.e., c = x). The paraffin load capacity was determined to be
approximately 40% for the paraffin/CS CPCM (Figure 5a) and approximately 90% for the
paraffin/EG CPCM (Figure 5b). The higher paraffin load ratio for the paraffin/EG CPCM
in comparison to the paraffin/CS CPCM resulted from EG being lighter in weight than CS.

The TG curves can also be used to evaluate the thermal stability for the application of
CPCMs in UPCSs. Figure 5 shows a similar overall trend in the paraffin curves to that of
the CPCMs, except for a higher mass loss rate of paraffin, which suggests that the CS/EG
pore structure inhibited paraffin volatilization and promoted the thermal stability of the
CPCMs. In addition, there were significant weight losses of paraffin and CPCMs over
approximately 200 ◦C to 350 ◦C, whereas the mass losses of CPCMs below 200 ◦C were very
small, and the cable operating temperature was usually below 100 ◦C. Thus, the CPCMs
remained stable in the UPCS, which promoted durability and temperature regulation.

3.3. Thermal Properties of CPCMs

Figure 6 shows the DSC curves for paraffin, paraffin/CS CPCM, and paraffin/EG
CPCM. The curves exhibit three distinct phase regions: the first region corresponds to a
solid phase below 50 ◦C, the second region corresponds to a solid–liquid phase transition
at approximately 60 ◦C, and the third region corresponds to a liquid phase in the melting
state above 75 ◦C. Endothermic sample peaks were observed over 50–75 ◦C, which was
consistent with the maximum allowable UPCS operating temperature range.
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lyzing the DSC curves. The Tf and ∆Hf of paraffin were 63.6 ◦C and 174.8 J/g; paraffin/CS
CPCM melted at 64.5 ◦C with a ∆Hf of 63.38 J/g, and paraffin/EG CPCM melted at 65.0 ◦C
with a ∆Hf of 156.4 J/g. The Tf of the CPCMs was higher than that of the corresponding
paraffin, which could be attributed to the surface tension and capillary force between
paraffin and the CS/EG inner surface. Strong interactions increase Tf [39]. The density
change after combination could also affect Tf. The density decreased, and the phase change
temperature increased. In addition, the ∆Hf values of paraffin/CS and paraffin/EG CPCM
decreased to approximately 36.3% and 89.5%, respectively, compared to that of paraffin,
which were slightly lower than those calculated from the TG curves. The variation in ∆Hf
was mainly influenced by the decrease in the percentage of paraffin, and some paraffin
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was confined in the narrow zone and could not completely melt and crystallize over the
considered temperature range [40].

This result indicates a more desirable ∆Hf for paraffin/EG than paraffin/CS, which re-
sulted from the higher paraffin mass fraction in the paraffin/EG CPCM than the paraf-
fin/CS CPCM. In conclusion, the two types of CPCMs exhibited good thermal properties,
including a large latent heat and a suitable phase change temperature, which promoted
heat absorption in the UPCS.

3.4. The Exudation Stability of CPCMs

The exudation stability of the samples was characterized by red paraffin traces on the
filter papers at the end of the leakage test. Figure 7 shows that most of the molten paraffin
reached the edge of filter paper when solid paraffin was the heated sample. When unen-
capsulated paraffin/CS CPCM was heated, paraffin leakage occurred in the section within
the red circle. Little paraffin was observed within the circle for encapsulated paraffin/CS
CPCM, suggesting that the encapsulation process can improve the CPCM thermal stability.
Similarly, a portion of the paraffin flowed to the edge of the filter paper when paraffin/EG
powder was heated. However, a very small quantity of paraffin in the paraffin/EG cylinder
was found on the filter paper. The trend in the abovementioned results indicates that the
pressed forming process can improve the thermal reliability of paraffin/EG. The overall
conclusion is that encapsulation (ER)/formation (dry pressing) can significantly decrease
paraffin leakage to improve the long-term thermal reliability [33,38].
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3.5. Temperature Regulation Effect of the Backfill Materials with CPCMs

The abovementioned experimental results demonstrate the desirable properties of
the paraffin/CS and paraffin/EG CPCMs. Hence, the CPCMs were used as a functional
component to replace a prescribed quantity of backfill materials to prepare samples B#
(added paraffin/CS CPCM) and C# (added paraffin/EG CPCM), which were used in con-
junction with control model samples A# (the original backfill materials) to characterize the
temperature regulation ability of the materials. Figure 8 shows the recorded temperature
variations of the sensors set at different distances from the heat source for samples A#, B#,
and C# during the heating period. Similar temperature variation curves were obtained for
the three samples, and the sample temperatures changed with time, which was consistent
with the theoretical heat transfer process under constant heat flow [41].
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All the temperature readings increased rapidly with time during the initial stage of
heat exchange and then rose gradually to reach a stable temperature range. The closer the
measuring sensor was to the heat source, the more drastic the temperature fluctuation was.
The intensity of the fluctuation decreased with increasing distance from the measurement
point to the cable, as shown in Figure 8a–d. The temperatures eventually attained a steady
value when the heating time reached 6 h. The equilibrium temperature of sensor (1) for
samples A# was significantly higher than that of samples B# and C#. The maximum tem-
perature reduction between samples A# and B# reached approximately 7.1 ◦C, whereas that
between samples A# and C# reached approximately 17.1 ◦C.

These results indicate that the maximum limiting temperature of the original backfill
materials was easily attained, whereas the added CPCMs absorbed heat and reduced
the rising temperature rate of the surrounding cable, especially for samples C#. The
paraffin/EG CPCM had the highest volume heat storage capacity and heat absorption
rate. The good thermal conductivity of EG can improve the temperature sensitivity of
CPCMs and accelerate the phase change process [42]. Consequently, the addition of CPCMs
can effectively improve heat accumulation around cables and alleviate the effects of the
surrounding soil temperature.

The heat flux q is defined as the heat energy passing through a unit area per unit time
during heat conduction. Figure 9a–c shows the recorded heat flux variations in the samples
during the heating period. Similar trends are observed for the heat flux variation curves,
where the heat flux decreased with increasing distance of the measurement point from
the heat source. The heat flux eventually reached a steady value when a constant heat
flow was reached. The equilibrium heat fluxes of samples A# at each sensor were clearly
higher than those of samples B# and C#. These results correspond to the temperature
distribution in Figure 8, which further confirmed the function of the CPCMs in the UPCS.
Some disturbances in the heat flux were observed at a 20 cm distance between the sensors
and the heat source during the initial heating period because of unstable heat transfer at
the site closest to the heat source, which, however, had little effect on the equilibrium heat
flux results.



Materials 2021, 14, 740 11 of 13

Materials 2021, 14, x FOR PEER REVIEW 11 of 14 
 

 

The heat flux q is defined as the heat energy passing through a unit area per unit 
time during heat conduction. Figure 9a–c shows the recorded heat flux variations in the 
samples during the heating period. Similar trends are observed for the heat flux varia-
tion curves, where the heat flux decreased with increasing distance of the measurement 
point from the heat source. The heat flux eventually reached a steady value when a 
constant heat flow was reached. The equilibrium heat fluxes of samples A# at each sen-
sor were clearly higher than those of samples B# and C#. These results correspond to 
the temperature distribution in Figure 8, which further confirmed the function of the 
CPCMs in the UPCS. Some disturbances in the heat flux were observed at a 20 cm dis-
tance between the sensors and the heat source during the initial heating period because 
of unstable heat transfer at the site closest to the heat source, which, however, had little 
effect on the equilibrium heat flux results. 

  

(a) (b) 

 
(c) 

Figure 9. The heat flux variations of samples at different distances d between the heat source and 
sensors: (a) samples A#, (b) samples B#, (c) samples C#. 

Thus, it can be concluded that the two types of CPCMs added to the original backfill 
materials could reduce the temperature fluctuations of UPCSs in actual cable engineering 
applications. The added CPCMs both reduced the peak electric load and decreased the 
electrical peak–valley difference to protect the cables. Although the paraffin/EG CPCM 
clearly exhibited superior thermal performance and cooling effects and is suitable for 
high-loading cable environments with severe thermal concentration, the high cost and 
relatively complex manufacturing process of this material must be considered in practical 
engineering applications. Comprehensive consideration of different heat dissipation sce-
narios during underground cable laying is required to choose suitable CPCMs to meet 
engineering needs. 

Figure 9. The heat flux variations of samples at different distances d between the heat source and
sensors: (a) samples A#, (b) samples B#, (c) samples C#.

Thus, it can be concluded that the two types of CPCMs added to the original backfill
materials could reduce the temperature fluctuations of UPCSs in actual cable engineering
applications. The added CPCMs both reduced the peak electric load and decreased the
electrical peak–valley difference to protect the cables. Although the paraffin/EG CPCM
clearly exhibited superior thermal performance and cooling effects and is suitable for high-
loading cable environments with severe thermal concentration, the high cost and relatively
complex manufacturing process of this material must be considered in practical engineering
applications. Comprehensive consideration of different heat dissipation scenarios during
underground cable laying is required to choose suitable CPCMs to meet engineering needs.

4. Conclusions

Two types of composite phase change materials (CPCMs) were prepared and char-
acterized in this study as a functional component for backfill materials to reduce thermal
fatigue damage to underground power cable systems. The results of this study confirmed
the compatibility of paraffin with porous ceramsite (CS) and expanded graphite (EG).
The paraffin load capacity was 40 and 90 wt.% for paraffin/CS CPCM and paraffin/EG
CPCM, respectively. The TG analysis showed that the CPCMs remained stable below
200 ◦C and are suitable for underground cable engineering applications. The phase-change
temperature of paraffin/CS and paraffin/EG CPCMs was approximately 65 ◦C, and the
corresponding latent heats were 63.38 J/g and 156.4 J/g, respectively. A leakage test was
designed to evaluate the properties of the CPCMs, and the test results showed superior ex-
udation stability performance for the CPCMs after encapsulation and formation. Given the
good heat storage performance of the CPCMs, the temperature regulation of the CPCMs
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on underground power cable systems was evaluated using a self-designed cable setup,
and the results indicate reductions in the maximum temperature of the backfill materi-
als containing paraffin/CS CPCM and paraffin/EG CPCM of approximately 7.1 ◦C and
17.1 ◦C, respectively, compared to reference samples. The results of a heat flux test led to
the same conclusion on the effect of added CPCMs on heat transfer. Thus, CPCMs exhibit
considerable potential for cable engineering applications.

Author Contributions: Conceptualization, J.W. and H.H.; investigation, P.X.; validation, P.X., Y.H.,
and Y.Z.; writing—original draft, P.X.; writing—review and editing, J.W. and H.H.; supervision,
J.W. and H.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program
of China (Project No.2017YFB0310001) and the National Natural Science Foundation of China
(Project No.51772013).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Orton, H. A history of underground power cables. IEEE Electr. Insul. Mag. 2013, 29, 52–57. [CrossRef]
2. Hegyi, J.; Klestoff, A. Current-carrying capability for industrial underground cable installations. IEEE Trans. Industr. Appl. 1988,

24, 99–105. [CrossRef]
3. Neher, J.H.; Mc Grath, M.H. The calculation of the temperature rise and load capability of cable systems. AIEE Trans. 1957,

76, 752–772. [CrossRef]
4. Gouda, O.E.; El Dein, A.Z.; Amer, G.M. Effect of the Formation of the Dry Zone Around Underground Power Cables on Their

Ratings. IEEE Trans. Power Deliv. 2011, 26, 972–978. [CrossRef]
5. International Standard IEC 60287-2-1. Electric Cables—Calculation of the Current Rating—Part 2-1: Thermal Resistance—Calculation of

the Thermal Resistance; International Electrotechnical Commission: London, UK, 9 April 2015.
6. Metwally, I.A.; Al-Badi, A.H.; Al Farsi, A.S. Factors influencing ampacity and temperature of underground power cables.

Electr. Eng. 2012, 95, 383–392. [CrossRef]
7. Huang, X.; Alva, G.; Jia, Y.; Fang, G. Morphological characterization and applications of phase change materials in thermal energy

storage: A review. Renew. Sustain. Energy Rev. 2017, 72, 128–145. [CrossRef]
8. Oró, E.; de Gracia, A.; Castell, A.; Farid, M.M.; Cabeza, L.F. Review on phase change materials (PCMs) for cold thermal energy

storage applications. Appl. Energy 2012, 99, 513–533. [CrossRef]
9. Kalnæs, S.E.; Jelle, B.P. Phase change materials and products for building applications: A state-of-the-art review and future

research opportunities. Energy Build. 2015, 94, 150–176. [CrossRef]
10. Mondal, S. Phase change materials for smart textiles—An overview. Appl. Therm. Eng. 2008, 28, 1536–1550. [CrossRef]
11. Ryms, M.; Klugmann-Radziemska, E. Possibilities and benefits of a new method of modifying conventional building materials

with phase-change materials (PCMs). Constr. Build. Mater. 2019, 211, 1013–1024. [CrossRef]
12. Ryms, M.; Januszewicz, K.; Kazimierski, P.; Luczak, J.; Klugmann-Radziemska, E.; Lewandowski, W.M. Post-Pyrolytic Carbon as

a Phase Change Materials (PCMs) Carrier for Application in Building Materials. Materials 2020, 13, 6. [CrossRef]
13. Ghalambaz, M.; Zadeh, S.M.H.; Mehryan, S.A.M.; Pop, I.; Wen, D. Analysis of melting behavior of PCMs in a cavity subject to a

non-uniform magnetic field using a moving grid technique. Appl. Math. Modell. 2020, 77, 1936–1953. [CrossRef]
14. Zadeh, S.M.H.; Mehryan, S.A.M.; Ghalambaz, M.; Ghodrat, M.; Young, J.; Chamkha, A. Hybrid thermal performance enhancement

of a circular latent heat storage system by utilizing partially filled copper foam and Cu/GO nano-additives. Energy 2020,
213, 118761. [CrossRef]

15. Zadeh, S.M.H.; Mehryan, S.A.M.; Sheremet, M.; Ghodrat, M.; Ghalambaz, M. Thermo-hydrodynamic and entropy generation
analysis of a dilute aqueous suspension enhanced with nano-encapsulated phase change material. Int. J. Mech. Sci. 2020,
178, 105609.

16. Talebizadehsardari, P.; Mohammed, H.I.; Mahdi, J.M.; Gillott, M.; Walker, G.S.; Grant, D.; Giddings, D. Effect of airflow channel
arrangement on the discharge of a composite metal foam-phase change material heat exchanger. Int. J. Energy Res. 2020.
[CrossRef]

17. Kong, W.; Liu, Z.; Yang, Y.; Zhou, C.; Lei, J. Preparation and characterizations of asphalt/lauric acid blends phase change
materials for potential building materials. Constr. Build. Mater. 2017, 152, 568–575. [CrossRef]

18. Athukorallage, B.; Dissanayaka, T.; Senadheera, S.; James, D. Performance analysis of incorporating phase change materials in
asphalt concrete pavements. Constr. Build. Mater. 2018, 164, 419–432. [CrossRef]

19. Sarı, A.; Kaygusuz, K. Some fatty acids used for latent heat storage: Thermal stability and corrosion of metals with respect to
thermal cycling. Renew. Energy 2003, 28, 939–948. [CrossRef]

http://doi.org/10.1109/MEI.2013.6545260
http://doi.org/10.1109/28.87258
http://doi.org/10.1109/AIEEPAS.1957.4499653
http://doi.org/10.1109/TPWRD.2010.2060369
http://doi.org/10.1007/s00202-012-0271-5
http://doi.org/10.1016/j.rser.2017.01.048
http://doi.org/10.1016/j.apenergy.2012.03.058
http://doi.org/10.1016/j.enbuild.2015.02.023
http://doi.org/10.1016/j.applthermaleng.2007.08.009
http://doi.org/10.1016/j.conbuildmat.2019.03.277
http://doi.org/10.3390/ma13061268
http://doi.org/10.1016/j.apm.2019.09.015
http://doi.org/10.1016/j.energy.2020.118761
http://doi.org/10.1002/er.5949
http://doi.org/10.1016/j.conbuildmat.2017.05.039
http://doi.org/10.1016/j.conbuildmat.2017.12.226
http://doi.org/10.1016/S0960-1481(02)00110-6


Materials 2021, 14, 740 13 of 13

20. Alkan, C.; Sarı, A.; Karaipekli, A.; Uzun, O. Preparation, characterization, and thermal properties of microencapsulated phase
change material for thermal energy storage. Sol. Energy Mater. Sol. Cells 2009, 93, 143–147. [CrossRef]

21. Iasiello, M.; Mameli, M.; Filippeschi, S.; Bianco, N. Simulations of paraffine melting inside metal foams at different gravity levels
with preliminary experimental validation. J. Phys Conf. Ser. 2020, 1599, 012008. [CrossRef]

22. Li, M.; Wu, Z.; Kao, H. Study on preparation and thermal properties of binary fatty acid/diatomite shape-stabilized phase change
materials. Sol. Energy Mater. Sol. Cells 2011, 95, 2412–2416. [CrossRef]

23. Sarı, A.; Karaipekli, A.; Alkan, C. Preparation, characterization and thermal properties of lauric acid/expanded perlite as novel
form-stable composite phase change material. Chem. Eng. J. 2009, 155, 899–904. [CrossRef]

24. He, H.; Zhao, P.; Yue, Q.; Gao, B.; Yue, D.; Li, Q. A novel polynary fatty acid/sludge ceramsite composite phase change materials
and its applications in building energy conservation. Renew. Energy 2015, 76, 45–52. [CrossRef]

25. Zhang, Y.P.; Lin, K.P.; Yang, R.; Di, H.F.; Jiang, Y. Preparation, thermal performance and application of shape-stabilized PCM in
energy efficient buildings. Energy Build. 2006, 38, 1262–1269. [CrossRef]

26. Sarı, A.; Karaipekli, A. Preparation, thermal properties and thermal reliability of palmitic acid/expanded graphite composite as
form-stable PCM for thermal energy storage. Sol. Energy Mater. Sol. Cells 2009, 93, 571–576. [CrossRef]

27. Medrano, M.; Yilmaz, M.O.; Nogués, M.; Martorell, I.; Roca, J.; Cabeza, L.F. Experimental evaluation of commercial heat
exchangers for use as PCM thermal storage systems. Appl. Energy 2009, 86, 2047–2055. [CrossRef]

28. Bottarelli, M.; Bortoloni, M.; Su, Y. Heat transfer analysis of underground thermal energy storage in shallow trenches filled with
encapsulated phase change materials. Appl. Therm. Eng. 2015, 90, 1044–1051. [CrossRef]

29. Li, Y.; Mao, J.; Geng, S.; Han, X.; Zhang, H. Evaluation of thermal short-circuiting and influence on thermal response test for
borehole heat exchanger. Geothermics 2014, 50, 136–147. [CrossRef]

30. Ahmad, S.; Rizvi, Z.; Khan, M.A.; Ahmad, J.; Wuttke, F. Experimental study of thermal performance of the backfill material
around underground power cable under steady and cyclic thermal loading. Mater. Today Proc. 2019, 17, 85–95. [CrossRef]

31. Wang, X.; Niu, J. Performance of cooled-ceiling operating with MPCM slurry. Energy Convers. Manag. 2009, 50, 583–591. [CrossRef]
32. Ryms, M.; Lewandowski, W.M.; Klugmann-Radziemska, E.; Denda, H.; Wcisło, P. The use of lightweight aggregate saturated

with PCM as a temperature stabilizing material for road surfaces. Appl. Therm. Eng. 2015, 81, 313–324. [CrossRef]
33. Khadiran, T.; Hussein, M.Z.; Zainal, Z.; Rusli, R. Encapsulation techniques for organic phase change materials as thermal energy

storage medium: A review. Sol. Energy Mater. Sol. Cells 2015, 143, 78–98. [CrossRef]
34. Gouda, O.E.; El Dein, A.Z.; Amer, G.M. Improving the underground cables ampacity by using artificial backfillmaterials.

In Proceedings of the 14th International Middle East Power Systems Conference, Cairo, Egypt, 19–21 December 2010; Volume 110,
pp. 19–21.

35. Lu, J.; Liu, K.; Sun, J. Application of low thermal resistance backfill material in transmission and distribution cable. Coast. Enterp.
Sci. Tech. 2016, 5, 54–56.

36. Xia, L.; Zhang, P.; Wang, R.Z. Preparation and thermal characterization of expanded graphite/paraffin composite phase change
material. Carbon 2010, 48, 2538–2548. [CrossRef]

37. Jin, J.; Xiao, T.; Zheng, J.; Liu, R.; Qian, G.; Xie, J.; Wei, H.; Zhang, J.; Liu, H. Preparation and thermal properties of encapsulated
ceramsite-supported phase change materials used in asphalt pavements. Constr. Build. Mater. 2018, 190, 235–245. [CrossRef]

38. Zhang, Q.; Wang, H.; Ling, Z.; Fang, X.; Zhang, Z. RT100/expand graphite composite phase change material with excellent
structure stability, photo-thermal performance and good thermal reliability. Sol. Energy Mater. Sol. Cells 2015, 140, 158–166.
[CrossRef]

39. Zhang, D.; Tian, S.; Xiao, D. Experimental study on the phase change behavior of phase change material confined in pores.
Sol. Energy 2007, 81, 653–660. [CrossRef]

40. Py, X.; Olive, R.; Mauran, S. Paraffin/porous-graphite-matrix composite as a high and constant power thermal storage material.
Int. J. Heat Mass Transf. 2001, 44, 2727–2737. [CrossRef]

41. de Vollaro, R.L.; Fontana, L.; Vallati, A. Thermal analysis of underground electrical power cables buried in non-homogeneous
soils. Appl. Therm. Eng. 2011, 31, 772–778. [CrossRef]

42. Kenisarin, M.; Mahkamov, K.; Kahwash, F.; Makhkamova, I. Enhancing thermal conductivity of paraffin wax 53–57 ◦C using
expanded graphite. Sol. Energy Mater. Sol. Cells 2019, 200, 110026. [CrossRef]

http://doi.org/10.1016/j.solmat.2008.09.009
http://doi.org/10.1088/1742-6596/1599/1/012008
http://doi.org/10.1016/j.solmat.2011.04.017
http://doi.org/10.1016/j.cej.2009.09.005
http://doi.org/10.1016/j.renene.2014.11.001
http://doi.org/10.1016/j.enbuild.2006.02.009
http://doi.org/10.1016/j.solmat.2008.11.057
http://doi.org/10.1016/j.apenergy.2009.01.014
http://doi.org/10.1016/j.applthermaleng.2015.04.002
http://doi.org/10.1016/j.geothermics.2013.09.010
http://doi.org/10.1016/j.matpr.2019.06.404
http://doi.org/10.1016/j.enconman.2008.10.021
http://doi.org/10.1016/j.applthermaleng.2015.02.036
http://doi.org/10.1016/j.solmat.2015.06.039
http://doi.org/10.1016/j.carbon.2010.03.030
http://doi.org/10.1016/j.conbuildmat.2018.09.119
http://doi.org/10.1016/j.solmat.2015.04.008
http://doi.org/10.1016/j.solener.2006.08.010
http://doi.org/10.1016/S0017-9310(00)00309-4
http://doi.org/10.1016/j.applthermaleng.2010.10.024
http://doi.org/10.1016/j.solmat.2019.110026

	Introduction 
	Materials and Methods 
	Raw Materials 
	Sample Preparation 
	Paraffin/CS CPCM 
	Paraffin/EG CPCM 
	Backfill Materials with CPCMs 

	Characterization of CPCMs 
	Thermal Reliability Test of CPCMs 
	Evaluation of Temperature Regulation Effect 
	Test Set-Up 
	Experimental Process 


	Results 
	Morphological Characteristics 
	Load Capacity of Paraffin on CPCMs and Thermal Stability 
	Thermal Properties of CPCMs 
	The Exudation Stability of CPCMs 
	Temperature Regulation Effect of the Backfill Materials with CPCMs 

	Conclusions 
	References

