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Abstract
A practical use of phase change material (PCM)-based thermal energy storage (TES) system is effectively employed for

mitigating the imbalance between energy demand and energy supply. Technological development of TES is essential to

overcome the drawback of the poor thermo-physical property of many PCM’s. Otherwise, the PCM-based TES system

would exhibit poor thermal management. In this work, D-Mannitol (DM) sugar alcohol is considered as PCM and

experimental attempts were made to accelerate the phase change behaviour of the chosen PCM by adding 1 and 2% mass

fraction of micron-sized copper and aluminium metal powders. The phase change temperature and enthalpy of fusion of the

plain DM and composite DM were determined by differential scanning calorimetry (DSC) measurements, and the thermal

stability of composite PCM was analysed using thermogravimetric analysis (TGA). Further, charging and discharging

processes were conducted for plain DM and composite DM using Therminol 55 heat transfer fluid (HTF) to study their

thermal energy storage performance. The DSC results indicated superior enthalpy of fusion and phase transition tem-

perature and TGA results depicted extended decomposition temperature with an increase of about 2 �C to 32 �C for

composite DM, respectively, over plain DM. Further, from charge–discharge studies, it was identified that the total time

taken for a complete phase change process for the case of DM-Cu 2% during charging process was 22% and 11% lesser

compared to plain DM and DM-Al 2%, respectively. Similarly during discharging process, the total time taken for a

complete phase change process of DM-Cu 2% was 16% and 10% lesser compared to plain DM and DM-Al 2%,

respectively, indicating superior phase change behaviour of composite DM compared to the plain DM. Thus, when

compared to plain DM and Al microparticle in DM, Cu microparticle added DM was found to be more suitable to store

thermal energy at a medium temperature range.
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Introduction

With the worldwide focus on climate change and exploring

renewable energy sources to meet the power requirements,

many of the countries developed their own national solar

mission and unveiled solar energy-based power plants.

Also, various research activities directed to prove the

technological and economic viability of various solar

applications. In order to reap the maximum benefit of free

source solar energy, the development of efficient energy

storage systems is imperative. The three main types of

thermal energy storage (TES) systems are sensible, latent

and thermochemical. In which sensible heat storage system

is relatively economical and much less complicated. Albeit,

latent heat-based TES is a good choice over sensible heat

TES for effective thermal energy management because of

high energy density [1].

Phase change materials (PCMs) are being used suc-

cessfully in latent heat-based TES because it absorbs/re-

leases a large amount of heat during phase change process

at narrow temperature range, and small volume is enough

to dump a large amount of thermal energy. The PCMs are

categorized as organic (paraffins and non-paraffins), inor-

ganic (salt hydrates and metallics) and eutectics (organic

eutectics and inorganic eutectics) [2]. Due to the
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technological advancement in recent years, different

materials with tailored phase change temperature were

developed and thus large number of PCMs have success-

fully been employed for heating [3, 4] and cooling appli-

cations [5, 6]. Though the organic materials are congruent

in melting and chemically stable on the adverse side many

organic PCMs have low thermal conductivity and a high

volume change between the solid and the liquid stages.

Choosing PCM for a given application is mainly based

on its phase change temperature. The delivery temperature

of heat transfer fluid used in solar concentrating collectors

is usually in the range from medium (* 150 �C) to high

(* 400 �C) temperature. In addition, industrial waste heat

also prevailed at medium temperature range and it must be

recovered for energy saving reasons. Several low-temper-

ature PCMs were tested and proved as potential candidates

to store thermal energy. In recent years, some studies have

focused on developing new kinds of solid–liquid PCMs for

medium/high-temperature range of applications [7, 8].

These studies revealed that sugar alcohol like erythritol [9],

D-Mannitol [10, 11] and xylitol [12] can be employed as an

efficient phase change material for medium temperature

TES applications (100–200 �C) due to its superior thermal

reliability and thermo-physical properties, respectively. In

particular, D-Mannitol (DM) had high latent heat and

melting temperature of about 165 �C-167 �C [8, 13] and its

use as PCM in latent heat thermal storage systems

(LHTSS) was successfully tested by various researchers

[14–16]. The axis symmetric chemical structure of

D-Mannitol is shown in Fig. 1.

The major limitation of the PCM’s available in the

market is their low thermal conductivity which severely

affects its charging and discharging behaviour. From the

literature, it is observed that several techniques have been

suggested to improve the phase change behaviour of PCM.

These techniques include:

1. Addition of high thermal conductivity additives

[17, 18] in PCM.

2. Addition of PCM in nanosized pores [19] and micro-

holes of microparticle [20].

3. Addition of fins in PCM containers [21].

4. Reducing the size of encapsulated PCM containers.

Based on the size of the PCM container, it is classified

into microencapsulation (up to 1 9 106 lm or

11 9 109 nm) and nanoencapsulation (up to

11 9 103 nm) [22].

Considering DM, S Salyan et al. [17] carried out a study

to analyse the thermo-physical property and cyclic stability

of DM incorporated with CuO nanoparticles. High-speed

ball milling technique was used to mix the CuO nanopar-

ticles of different mass fractions (0.1, 0.2 and 0.5 mass%).

It was found that the thermo-physical and heat storage

characteristics of DM-CuO composite were better than

DM. However, it was also reported heat of fusion for the

composite DM decreased with increase in heating/cooling

cycles. Similarly, in another endeavour, multi-walled car-

bon nanotubes (CNT) were dispersed in DM and its ther-

mal and cyclic stability were analysed by S Salyan et al.

[18]. The effect of CNT addition on energy storage per-

formance was tested for 100 thermal cycles. Experimental

analysis indicated that DM-CNT composite exhibited good

thermal/chemical stability with improved heat transfer rate.

The detailed thermal performance improvement study of

DM-SiO2 composite DM that involved addition of DM into

nanosized pores of SiO2 was carried out by Sagara et al.

[19]. Experimental analysis indicated that the thermal

degradation period of the DM-SiO2 composite PCM was

three times higher than that of pure DM, and the authors

concluded that the composite DM can be employed as an

efficient shape stable PCM. In another endeavour, Xu et al.

[20] carried out an investigation on DM/expanded graphite

(EG) PCM where DM was uniformly distributed in EG

micro holes. It was found that the thermal conductivity of

the DM/EG PCM improved substantially while the energy

storage period was influenced by the mass fraction of the

EG and density of the DM/EG PCM, respectively. Effect of

addition of fins in the DM LHTSS was analysed by R P

Singh et al. [21]. A comparative analysis with addition of

fins, addition of graphene nano plates (GNP) and combi-

nation of both indicated that the total melting time reduced

by 68% with usage of finned LHTSS system containing

DM with 5% GNP compared to a conventional system

without fins.

Among the above techniques, the addition of nanopar-

ticles in PCMs has gained momentum in recent years

[17, 18, 23]. Though many researchers claimed the benefits

of nanoparticles added in PCM, it has technical issues

involved in it. Narasimhan et al. [24] summarized the
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Fig. 1 Axis symmetric

chemical structure of

D-Mannitol
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drawbacks of nanoparticle added PCMs. The authors also

concluded that, instead of the addition of nanoparticles in

PCM, the other scale like macro/microparticles in PCM

appeared to be a promising option for improved perfor-

mance of LHTSS.

The main aim of this study is to accelerate the phase

change process of DM PCM encapsulated in the spherical

container by the introduction of microparticles. The phase

change temperature, decomposition temperature and

enthalpy of fusion of microparticles (copper and alu-

minium) added DM PCM are studied by using differential

scanning calorimetry (DSC) and thermogravimetric anal-

ysis (TGA). The charging and discharging study on plain

DM and composite DM (DM-Al and DM-Cu) is also per-

formed using Therminol-55 as heat transfer fluid (HTF).

Experimental setup and procedures

The experimental setup is constructed to investigate the

charging and discharging process of plain PCM and com-

posite PCM which is encapsulated in a spherical container

made up of stainless steel material. The schematic diagram

and photograph of the experimental setup are shown in

Fig. 2.

The developed experimental setup consisted of a verti-

cally oriented cylindrical tank containing one spherical

capsule having 8.8 cm internal diameter which was filled

with PCM. The cylindrical tank was further loaded with 8

litres of Therminol-55 oil, and immersion-type electric

heater of 2 kW capacity was used to heat the Therminol-55

oil. The oil temperature inside the cylindrical tank was

regulated using a temperature controller attached to the

electric heater. To ensure negligible heat loss from the test

cylindrical tank, it was well insulated using glass wool

insulation of thickness * 4 cm. To measure the tempera-

ture of the oil and PCM in the cylindrical tank, K-type

(chromel–alumel) thermocouples (± 2.2 �C accuracy)

were placed along the oil path and at the centre of spherical

capsule, respectively.

Composite PCM preparation

Microparticles of Aluminium (Al) and Copper (Cu) were

uniformly mixed at 1 and 2 mass% to DM PCM. The

composition of DM with microparticles is shown in Fig. 3.

The composition of PCM and metal powder is heated to

230 �C, and the melted composition is evenly mixed by the

magnetic stirrer as shown in Fig. 4. The properties of DM

and microparticles (Al and Cu) are given in Tables 1 and 2,

respectively.

Thermocouples

Vent

Insulated oil tank

PCM capsule holder

Heat transfer fluid

Electrical heater

(a)

(b)

PCM packed capsule

Temperature controller

Thermo couple

Glass wool with aluminium foil
Temperature indicator

Temperature controller

Fig. 2 a Schematic diagram and

b photograph of the

experimental setup
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A sample of pure DM, DM-Al, DM-Cu weighing 12 mg

was taken for DSC and TGA. The calorimetry test was

carried out at N2 atmosphere, and the temperature range

40–220 �C with a heating rate of 20 �C min-1 was con-

sidered during the DSC analysis.

The morphologies of PCM ? Al 1%, PCM ? Cu 1%,

PCM ? Al 1% and PCM ? Cu 2% were studied using

scanning electron microscope (SEM) observations with

energy-dispersive X-ray analyser (EDX). The SEM images

and its corresponding EDX graphs are shown in Fig. 5a–h,

respectively. The SEM images depict the structure of DM

with irregular shape and size along with sharp edges,

similar to that of Salyan et al. [18]. The corresponding

peaks in the EDX graphs confirm the presence of sus-

pended Al and Cu microparticles in DM.

Fig. 3 a DM-Al 1%, b DM-Al

2%, c DM-Cu 1% and d DM-Cu

2%

Fig. 4 Magnetic stirrer

Table 1 Thermo-physical properties of the D-Mannitol PCM [14]

Property Value

Melting temperature 167–169 �C
Heat of fusion 326.8 J g-1

Density 1.490 g cm-3

Decomposition temperature 300 �C
Chemical structure C6H8(OH)6

Supplier: Sisco Research Laboratories Pvt. Ltd., Mumbai, India

Table 2 Thermo-physical properties of the microparticles

Property Aluminium (Al) Copper (Cu)

Melting point temperature 993 K 1357 K

Latent heat 397 J g-1 205 J g-1

Thermal conductivity 205 W m-1 K-1 401 W m-1 K-1

Specific heat 0.91 J kg-1 K-1 0.385 J kg-1 K-1

Size 44 lm 74 lm

Supplier: Sisco Research Laboratories Pvt. Ltd., Mumbai, India
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Experimental procedure

The phase change temperature and enthalpy of fusion for

plain and composite DM were determined by differential

scanning calorimeter (NETZSCH DSC 214 manufactured

by Netzsch, Germany). Further, the thermal stability of the

plain and composite DM was determined using thermo-

gravimetric analyser (TGA Q50 V20.5 Build 30). The

accuracy of both the instruments remained ± 0.05 �C.

After careful examination of the DSC & TGA analysis

of composite DM and plain DM, the charging and dis-

charging experiment of all the samples were carried out.

For the experimental study, totally five stainless steel

spherical capsules (internal diameter 88 mm, wall thick-

ness 1 mm) were fabricated and for each capsule, the

opening for filling of PCM is provided at the top. All five

capsules filled with 0.45 kg mass of plain DM/Composite

DM. At molten state, it is ensured carefully that 85% of the

volume of the spherical capsule occupied by the samples.

The charging/discharging process of all the five capsules

was conducted separately using Therminol 55 heat transfer

fluid (HTF). Before charging process, the cylindrical tank

is filled with HTF at room temperature. The temperature

controlled electrical heater is kept in a cylindrical tank. The

charging process is initiated by maintaining HTF

temperature of 190 �C with the help of a temperature

controller. This set temperature is well above the phase

change temperature of the composite DM and plain DM.

Before the start of the discharging process, the hot oil is

completely drained out from the tank and the tank wall was

allowed to cool until it reaches the room temperature.

Then, the fresh HTF at ambient temperature was filled in

the tank and the heater is switched off during the entire

discharging process. The change in temperature of plain

DM/composite DM is observed during the study for a

regular time interval.

Results and discussion

DSC results

The DSC results of pure DM and composite DM is shown

in Fig. 6a–e. The rising curve in the figure indicates the

endothermic peak corresponding to the melting process.

The area under the peak curve represents the enthalpy of

fusion. The phase transition temperature is taken as the

onset obtained by line fitting of the rising part of the peak

curve. The phase transition range of PCM is determined

between onset temperature and curve peak temperature.

Fig. 5 SEM image of a PCM ? Al 1%, c PCM ? Cu 1%, e PCM ? Al 1%, g PCM ? Cu 2% and EDX graph of b PCM ? Al 1%,

d PCM ? Cu 1%, f PCM ? Al 1%, h PCM ? Cu 2%
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Figure 6a shows that the melting process as an onset point

of 163.3 �C and the curve then peaks at a temperature of

166.9 �C. Thus, the phase transition range of plain DM is

163.3–166.9 �C and also the enthalpy of fusion of DM is

measured as 261.7 J g-1. The phase transition temperature

and enthalpy of fusion of pure DM were observed for the

heating rate of 20 �C min-1. Similarly, the phase transition

temperature and enthalpy of fusion of composite DM are

given in Fig. 6b–e. The values of onset, peak, phase tran-

sition temperature and enthalpy of fusion of composite DM

shown in the figure are given in Table 3. The variations of

phase transition range of composite PCM are due to the

presence of microparticles. It is known that the addition of

nanoparticles in PCM tends to pull down its latent heat of
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Fig. 6 DSC curve of a pure D-Mannitol, b Al 1%, c Al 2%, d Cu 1% and e Cu 2%

Table 3 DSC results of DM and DM with additives

PCM Temperature during melting/�C Enthalpy of fusion

(solid to liquid)/J g-1

Onset Peak End

D-Mannitol (pure) 166.3 166.9 177.0 261.7

D-Mannitol with 1% Al powder 161.6 170.6 186.7 289.2

D-Mannitol with 2% Al powder 167.6 178.9 187.7 311.9

D-Mannitol with 1% Cu powder 167.5 179.2 187.5 324.6

D-Mannitol with 2% Cu powder 166.9 172.7 185.1 286.3
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fusion [24], but the presence of microparticles does not

encounter such an issue. Table 4 clearly shows the

improvement of the latent heat of fusion values for com-

posite DM over plain DM.

TGA results

The thermal stability of plain DM and composite DM were

evaluated in TGA analysis. The two major parameters

inferred from TGA analysis include decomposition tem-

perature and mass loss temperature. Decomposition

Table 4 TGA results of DM

and DM with additives
Material Decomposition temperature/�C Maximum mass loss temperature/�C

D-Mannitol (PCM) 277.57 365.52

PCM ? Al 1% 293.50 380.69

PCM ? Cu 1% 279.09 378.41

PCM ? Al 2% 309.42 395

PCM ? Cu 2% 288.19 385.99

100
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Fig. 7 TGA curve of a pure D-Mannitol, b D-Mannitol with 1% Al, c D-Mannitol with 1% Al, d D-Mannitol with 1% Cu and e D-Mannitol with

2% Cu
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temperature is the temperature at which the plain DM and

composite DM begin to chemically decompose, and mass

loss temperature is the temperature at which maximum

percentage of plain DM and composite DM masses are lost,

respectively, during endothermic reaction. The results

obtained from the TGA analysis are collectively shown in

Fig. 7a–e. It is inferred from the Fig. 7a that the early

decomposition temperature (277.57 �C) and mass loss

temperature (365.52 �C) are seen for plain DM, whereas

the addition of microparticles of aluminium and copper

protects pure DM from early decomposition. The com-

posite PCM of DM-Al 2% pertains maximum withstanding

temperature (309.42 �C) against decomposition. The val-

ues of decomposition temperature and maximum mass loss

temperature of composite PCM shown in the Fig. 7b–e is

given in Table 4. The results of DSC and TGA analysis

show that the composite PCM has improved phase transi-

tion temperature and good thermal stability at high

temperature.

Charging process

The temperature variation of plain DM/composite DM

encapsulated in the spherical capsule during the charging

process is shown in Fig. 8a. The temperature variation of

plain DM and 1% added both Al and Cu in DM during the

charging and discharging process shows almost similar

trend, and the time taken for complete melting and solid-

ification also shows the same response. Thus, the reading

of 1% added both Al and Cu with DM during the charging

and discharging process is not reported in Fig. 8a–b. The

initial temperature of plain DM and composite DM during

the charging process is maintained the same as 36 �C. The

HTF temperature is maintained at a constant temperature of

190 �C which is higher than the phase change temperature

of PCM’s considered in the present analysis. It can be

inferred from the Fig. 8a that at any instance, the rise in the

temperature of composite DM is higher compared to the

plain DM due to the presence of microparticles. Further, an

abrupt rising trend for all the PCM temperatures can be

identified for the initial 15 min followed by a steady tem-

perature rise up to the end of the charging process. Com-

paratively, during the phase change process, faster response

exists for DM-Cu 2% PCM followed by DM-Al 2% PCM

and finally plain DM with slower response effect. This can

be attributed to higher conductivity of suspended Cu

microparticles compared to Al microparticles (Table 2)

which plays a predominant role in temperature rise during

the charging phase change process.

Discharging process

The temperature variation of plain PCM/composite PCM

with respect to time during the discharging process is

represented in Fig. 8b. The discharging process is carried

out from the initial temperature of 170 �C for all PCM

considered in the analysis. The discharging process is

allowed to continue until the PCM’s reach 90 �C. During

this experiment, the HTF temperature increases and at the

end of the experiment the temperature of HTF in the tank is

noted as 81 �C, 85 �C and 87 �C for the case of plain DM,

DM-Al 2% and DM- Cu 2%, respectively. From Fig. 8b, it

can be inferred that DM-Cu 2% PCM incurred lesser time

duration than DM-Al 2% PCM and plain PCM, respec-

tively, to reach a minimum discharging temperature of

about 90 �C. The plain DM PCM shows a slower charge in

temperature response than composite PCM. Again the

presence of composite powder in PCM enables faster phase

change process due to improved heat transfer rate which is

reflected in higher increasing temperature of the HTF.

From Fig. 8a and b, it can be identified that the total

time taken for complete charging process of DM-Cu 2%

was 22% and 11% lesser compared to plain DM and DM-

Al 2%, respectively. Similarly, the total time taken for the

complete discharging process of DM-Cu 2% reduced up to

200
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16% and 10% when compared to DM and DM-Al 2%,

respectively.

Conclusions

In this work, an attempt has been made to accelerate the

phase change process of D-Mannitol (DM) PCM by adding

1 and 2 mass% of micro-sized Al and Cu metal powders.

The PCM’s phase change and enthalpy of fusion behaviour

were evaluated by using DSC analysis, and decomposition

performance of PCM was observed by using TGA analysis,

respectively. The DSC results showed improved enthalpy

of fusion and phase transition temperature for composite

DM over plain DM. The extended decomposition temper-

ature (an increase of 2–32 �C) of composite DM PCM’s

was observed from TGA results. It implies that composite

PCM’s have good thermal stability at a higher temperature.

Thus, undoubtedly composite DM PCM is suitable to store

solar thermal energy for systems which operate at a med-

ium temperature range. The total time taken for a complete

phase change process (solid–liquid) of DM-Cu 2% was

22% and 11% lesser when compared to plain DM and DM-

Al 2%, respectively. This accelerated phase change beha-

viour was also observed in discharging study (liquid–

solid). In this process, the total time taken for DM-Cu 2%

was reduced to 16% and 10% when compared to plain DM

and DM-Al 2%, respectively. Thus, when compared to Al

powder in DM, Cu powder was found to be more suit-

able to store energy at a medium temperature range.
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