

  Development of Composite PCMs by Incorporation of Paraffin into Various Building Materials




Development of Composite PCMs by Incorporation of Paraffin into Various Building Materials







Materials 2015, 8(2), 499-518; doi:10.3390/ma8020499




Article



Development of Composite PCMs by Incorporation of Paraffin into Various Building Materials



Shazim Ali Memon 1,2, Wenyu Liao 1, Shuqing Yang 3, Hongzhi Cui 1,* and Syed Farasat Ali Shah 2





1



Guangdong Provincial Key Laboratory of Durability for Marine Civil Engineering, College of Civil Engineering, Shenzhen University, Shenzhen 518060, China






2



Department of Civil Engineering, COMSATS Institute of Information Technology, Abbottabad Campus, Abbottabad 22010, Pakistan






3



Department of Civil and Environmental Engineering, School of Engineering, the Hong Kong University of Science and Technology, Hong Kong 999077, China









*



Author to whom correspondence should be addressed; Tel.: +86-755-2691-6424; Fax: +86-755-2653-4021.







Academic Editor: Geminiano Mancusi



Received: 20 November 2014 / Accepted: 29 January 2015 / Published: 5 February 2015



Abstract:

 In this research, we focused on the development of composite phase-change materials (CPCMs) by incorporation of a paraffin through vacuum impregnation in widely used building materials (Kaolin and ground granulated blast-furnace slag (GGBS)). The composite PCMs were characterized using environmental scanning electron microscopy (ESEM), Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) techniques. Moreover, thermal performance of cement paste composite PCM panels was evaluated using a self-designed heating system. Test results showed that the maximum percentage of paraffin retained by Kaolin and GGBS was found to be 18% and 9%, respectively. FT-IR results show that CPCMs are chemically compatible. The phase-change temperatures of CPCMs were in the human comfort zone, and they possessed considerable latent-heat storage capacity. TGA results showed that CPCMs are thermally stable, and they did not show any sign of degradation below 150 °C. From thermal cycling tests, it was revealed that the CPCMs are thermally reliable. Thermal performance tests showed that in comparison to the control room model, the room models prepared with CPCMs reduced both the temperature fluctuations and maximum indoor center temperature. Therefore, the prepared CPCMs have some potential in reducing peak loads in buildings when applied to building facade.
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1. Introduction

With the growth in the global population and the increased use of natural resources by humankind, environmental problems continue to arise. More focus should be placed on the use of renewable energy sources that reduce environmental pollution and, at the same time, improve human quality of life. Among renewable energy sources, solar energy can be directly developed and used without mining and transport.

Phase change materials (PCMs) are “latent” thermal storage materials possessing a large amount of heat energy stored during phase change. PCMs latent-heat storage can be achieved through solid–solid, solid–liquid, solid–gas and liquid–gas phase change [1]. A solid–liquid PCM works on the principle that as the temperature increases, the material stores energy by changing from a solid to a liquid at a discrete temperature. Similarly, when the temperature decreases, the PCM releases heat by changing from a liquid to a solid. Among the studied solid–liquid PCMs, paraffins have been utilized widely for latent-heat thermal energy-storage applications because of their high latent heat and favorable thermal characteristics, such as little or no supercooling, low vapor pressure, and good thermal and chemical stability.

The combination of building materials and PCMs is an efficient way to increase the thermal energy-storage capacity of building components for the purpose of direct, thermal energy storage in buildings [2,3]. The temperature differences between night and day ensure that the PCM passes through alternating melting and solidification stages as the exterior temperature rises and falls, respectively, thereby functioning as a heating and cooling system for a building. This means that during the daytime, the PCM in building materials absorbs surplus heat by melting. At cooler temperatures during the night, the PCM becomes solid, and the heat is released back into the environment. A similar thermal cycle repeats daily, and solar thermal energy can be utilized effectively by means of PCMs in buildings.

Meshgin and Xi [4] experimentally investigated the utilization of PCM, as sand replacement and additive, in Portland cement concrete. Test results showed that the loss of compressive strength due to the addition of PCM as replacement of sand was not as high when PCM was used as an additive. For up to 20% sand replacement by PCM, the strength loss was not significant for structural applications. Moreover, the specific heat of the concrete increased considerably. The data from flexural test, drying shrinkage test and microstructure analysis provided a good understanding of the PCM-modified concrete. Overall, the results showed that it is quite promising to use PCM in concrete to improve its insulation capacity with decreased thermal conductivity and, at the same time, it is possible to keep the strength loss of the concrete in an acceptable range.

To avoid PCM leakage and utilize the materials simply, composite PCMs (CPCMs) have been developed and have attracted the interest of many researchers, especially in the last decade. However, the following issues still need to be addressed.


	(a)

	Some of the researchers have focused on the utilization of a Eutectic PCM for the development of CPCMs. However, a limited amount of test data is available on their thermo-physical properties [3,5].



	(b)

	Most of the research has not focused on the thermal performance of CPCMs [6,7,8,9,10,11,12,13,14], i.e., scale models are not constructed to determine the temperature variations within a room. In other words, the validity of the reported results is uncertain.





Therefore, in this study, we used a paraffin as a PCM and building materials (i.e., Kaolin and ground granulated blast-furnace slag (GGBS)) as supporting materials for PCM to composite two new kinds of CPCMs. It is worth mentioning here that Kaolin and GGBS are mineral admixtures and have been extensively used in mortar and concrete to improve strength and durability [15,16,17]. Considering these benefits, Kaolin and GGBS are potential candidates for thermal energy storage in buildings. It is believed that the utilization of Kaolin and GGBS for the purpose of thermal energy storage in buildings will open up new opportunities for the use of Kaolin and GGBS.



2. Experimental Investigation

In this section are the details related to the development of CPCMs through the incorporation of paraffin into building materials. The details, including the materials used, preparation, and test methods for characterization of CPCMs, are covered.


2.1. Materials and Preparation of the CPCMs

A technical-grade paraffin made by China Petroleum & Chemical Corporation (Nanyang, China) was used as the PCM, while Kaolin and GGBS were used as container for the PCM (Figure 1). These building materials were sieved through a 150 µm sieve and dried at 105 °C for 24 h before use. The chemical composition of these building materials is given in Table 1. The CPCMs were prepared using vacuum impregnation. The following procedure was adopted. First, the supporting materials (Kaolin and GGBS) with different mass fractions were put inside a vacuum chamber, where it was vacuumed for 90 min at a vacuum pressure of 65 kPa. The melted PCM was then allowed to flow and cover the maximum surface area of the sample. Subsequently, the vacuum pump was switched off, and air was allowed to enter for 30 min to force the PCM to penetrate into the pores of the supporting material. The composite PCM was then placed in an air-conditioned laboratory below the melting point of PCM for 24 h to ensure solidification of the PCM. The optimum percentage of PCM retained by the supporting material was determined by performing leakage test and was designated the composite PCM (CPCM). In this test, the composite PCM was placed in an oven above the melting point of PCM for 30 min so as to observe PCM leakage in the melted state.

Figure 1. Materials used in this research: (a) Paraffin; (b) Kaolin; (c) ground granulated blast-furnace slag (GGBS).
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Table 1. Chemical composition of building materials.







	Chemical Composition
	Kaolin (%)
	GGBS (%)





	Silicon dioxide (SiO2)
	46
	31.7



	Aluminum oxide (Al2O3)
	38
	14.5



	Ferric oxide (Fe2O3)
	0.73
	1.37



	Titanium dioxide (TiO2)
	0.19
	-



	Calcium oxide (CaO)
	0.02
	38.5



	Magnesium oxide (MgO)
	0.06
	8.13



	Sodium oxide (Na2O)
	0.03
	-



	Potassium oxide (K2O)
	0.65
	-



	Sulfate as SO3
	-
	2.61



	Loss on ignition
	13.7
	-



	Others
	
	3.19














2.2. Test Methods for Characterization of the CPCMs


2.2.1. Environmental Scanning Electron Microscopy (ESEM)

The microscopic morphology of Kaolin and GGBS and the prepared CPCMs were observed using a XL30 FEG ESEM (FEI, Hillsboro, OR, USA) operated in secondary-electron detection mode under low vacuum and at an accelerating voltage of 15 kV. The powdered sample was placed on carbon tape attached to a sample holder. Several regions were observed at different magnifications to ensure that the observed structures were representative of the sample.



2.2.2. Chemical Compatibility of the CPCMs

The chemical compatibility between the components of the CPCMs was evaluated using FT-IR spectroscopy (Perkin-Elmer, Waltham, MA, USA). The spectra were recorded on a Perkin-Elmer spectrometer, model No. PE-100 (Perkin-Elmer). The procedure for obtaining the FT-IR spectra is as follows.

The sample and the KBr were heated for 24 h at 105 °C. They were then mixed in 1:20–1:30 (powder: KBr) ratios in a controlled-humidity environment. Thereafter, the mixed sample was pressed at 10 ton for 1 min in “The Specac 15 ton Manual Hydraulic Presses”. Finally, the obtained KBr pellet was placed in the sample container, and an infrared spectrum was obtained using the Spectrum Version 5.0.1 software (Perkin-Elmer). The scanning parameters were: spectral range of 4000–400 cm−1, 16 scans and resolution of 4 cm−1. In order to remove the instrumental characteristics from the spectrum, a background spectrum was also measured. This measurement was performed by taking the reading with no sample in the sample compartment.



2.2.3. Thermal Properties of the CPCMs

The thermal properties, i.e., the phase-change temperature and thermal energy stored per unit mass of the composite PCMs were determined using a TA instrument, model MDSC2910 (TA Instruments, New Castle, DE, USA), while the thermal properties were extracted using the TA software, Universal Analysis 2000 [18]. The phase change temperature is divided into starting, peak and ending temperatures. The starting and ending temperatures are the temperatures at the intersection of extrapolated baseline and the tangents to the differential scanning calorimetry (DSC) (NETZSCH, Selb, Germany) curve drawn at the inflection points to the left and right side of the peak while the peak temperature is the temperature at the peak point of DSC curve. The thermal heat stored in the unit weight of PCM is obtained by dividing the integrated area between the base line and the DSC curve with temperature rising rate in the DSC test. This value is calculated automatically by the software [19]. Throughout the experiment, nitrogen was used as purge gas at a flow rate of 50 mL·min−1. The maximum deviation in the phase-change temperature and latent-heat values were found to be ±0.12 °C and ±0.24 J/g, respectively. The following method log was used.


	(a)

	Equilibrate at 0.00 °C



	(b)

	Isothermal for 3.00 min



	(c)

	Ramp 5.00 °C/min to 40.00 °C



	(d)

	Isothermal for 2.00 min



	(e)

	Ramp 5.00 °C/min to 0.00 °C



	(f)

	End of method





Kheradmand et al. [20] studied the effect of the heating/cooling rates (0.1 °C/min, 1 °C/min, 2 °C/min, 4 °C/min, 6 °C/min) on the test results of DSC experiment. It was found that although the overall differences in the thermograms for each rate heating/cooling are smaller, as the rate decreases, the accumulated specific enthalpy is almost constant regardless of the heating/cooling rate. Since in this research we have paid more attention on the specific enthalpy, the temperature variation rate of 5 °C/min has been adopted so as to not influence the discussion.



2.2.4. Thermal Stability of the CPCMs

The thermal stability of the CPCMs was determined using a Perkin-Elmer Simultaneous Thermal Analyzer (STA 6000, Perkin-Elmer), while TGA results were extracted using the Pyris software (Perkin-Elmer). Throughout the experiment, nitrogen was used as purge gas at a flow rate of 20 mL·min−1.



2.2.5. Thermal Reliability of the CPCMs

The thermal reliability of the CPCMs was evaluated with respect to change in the phase-change temperature and latent heat after a large number of thermal cycling. The thermal cycling consisted of exposing the CPCMs to 30 cycles. This cycling was accomplished by keeping the sample in a controlled laboratory environment for one month (one cycle/day for one month). The details of the temperature regime used for a single cycle are given below.


	(a)

	1–8 h: the temperature was maintained at 26 °C.



	(b)

	8–12 h: the temperature was decreased to 18 °C at a rate of 2 °C/h.



	(c)

	12–20 h: the temperature was maintained at 18 °C.



	(d)

	20–24 h: the temperature was increased to 26 °C at a rate of 2 °C/h.





After thermal cycling, FT-IR and DSC analyses were repeated to verify the chemical and thermal stability of the CPCMs.



2.2.6. Thermal Performance of Cement-Paste Panels

The thermal performance of cement-paste panels (with and without CPCMs) with dimensions of 100 mm × 100 mm × 10 mm were evaluated at the age of 2 days using a self-designed heating system (Figure 2). The setup consisted of small test room, a 150 W infrared lamp (used as a heating source) placed over the top panel at a distance of 320 mm, a hollow PVC (polyvinyl chloride) envelope coated on the inside with reflective paper to create a uniform and steady temperature field, a wooden plate 400 mm × 400 mm × 20 mm with an opening of 100 mm × 100 mm × 20 mm placed between the PVC envelope and the test room, thermocouple placed in the center of the test room and the computer recording system connected with a data-logger. The purpose of keeping the wooden plate with the top surface coated with reflective paper was to avoid heating the side panels.

Figure 2. Schematic of thermal performance test.
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The small test room consisted of six panels out of which five were prepared with ordinary cement paste, while the top panel (with and without CPCMs) was used to evaluate the thermal performance. In this test, the top panel was heated for 1 h and was then allowed to cool naturally for another hour. The water-to-binder ratios used for the CPCM panel with GGBS and Kaolin were 0.45 and 0.55, respectively. The different water binder ratios were selected to ensure that the developed CPCM are workable. In addition, in the CPCM panels containing Kaolin and GGBS, 50 wt% of the cement was replaced with CPCM. The physical characteristics of the materials are enlisted in Table 2. It is worth noting that the effect of the enthalpies of the CPCM panels cannot be separated from these measurements (thermal conductivity and specific heat capacity); however, since the difference of the specific heat capacity between the cement paste with and without KO-CPCM/GGBS-CPCM is much smaller than the changes of the enthalpy of the CPCM panels, the thermal performance of the CPCM panels can be ignored in the discussion.

Table 2. Physical characteristics of the materials used.


	Sample Number
	Thermal Conductivity Coefficient (W/mK) (Test temperature 22–30 °C)
	Density (kg/m3)
	Specific Heat Capacity (J/kg·K) (Test Temperature 5 °C/35 °C)
	Enthalpy (J/kg)





	Cement paste
	0.91
	2230
	1033/1033
	/



	Cement paste with KO-CPCM
	0.77
	1980
	1180/1228
	7842



	Cement paste with GGBS-CPCM
	0.82
	2050
	1061/1132
	4038
















3. Test Results and Discussion


3.1. Morphology and Optimum Percentage Retained by CPCMs

The morphology of building materials and CPCMs at the microscopic scale is shown in Figure 3. Kaolin particles have a lamellar shape, while GGBS particles show sharp edges and angles with occasionally elongated needled-shaped forms. Paraffin was held by the building materials due to the effect of capillary and surface tension forces, which, in turn, prevented the leakage of the melted PCM. The maximum percentage of paraffin retained by Kaolin and GGBS was found to be 18 and 9 wt%, respectively.

Figure 3. Morphologies in ESEM of (a) Kaolin powder; (b) Paraffin-Kaolin composite PCM; (c,d) GGBS particles; (e,f) Paraffin-GGBS composite PCM.
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3.2. FT-IR Spectroscopy of the CPCMs

The FT-IR spectra of the paraffin and CPCMs are shown in Figure 4 and Figure 5, while the significant peaks obtained from the FT-IR spectra along with possible assignments of different bands are shown in Table 3.

Figure 4. FT-IR spectra of Paraffin, Kaolin and Paraffin-Kaolin composite PCM.
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Figure 5. FT-IR spectra of Paraffin, GGBS and Paraffin-GGBS composite PCM.



[image: Materials 08 00499 g005 1024]






Table 3. FT-IR absorption bands and assignments.



	
Band (cm−1)

	
Assignment

	
Reference






	
Paraffin




	
2924

	
Methylene C–H stretching

	
[21,22,23]




	
2853

	
Methylene C–H stretching

	
[23,24,25]




	
1467

	
Methylene/Methyl C–H bending

	
[23]




	
1378

	
Methyl C–H bending

	
[23,26,27]




	
721

	
Rocking Methylene

	
[23]




	
Kaolin




	
3696, 3669, 3653, 3620

	
Al–O–H stretching

	
[28,29,30,31]




	
3449

	
H–O–H stretching

	
[28,29]




	
1631

	
H–O–H bending

	
[28,32,33]




	
1115, 1031, 1007

	
Si–O stretching

	
[28,29,34,35]




	
GGBS




	
937, 912

	
Al–OH bending

	
[29,32,34]




	
754

	
Si–O–Al stretching

	
[29,34,35]




	
535

	
Si–O–Al stretching

	
[32]




	
467

	
Si–O–Si bending

	
[29,32]




	
3468

	
H–O–H stretching

	
[36,37]




	
1437

	
O–C–O stretching

	
[38,39]




	
963

	
Si(Al)–O stretching

	
[40,41]




	
711

	
Si–O–Si (Al) stretching

	
[41]




	
494

	
O–Si–O bending

	
[40,41]











The FT-IR spectrum of the paraffin (Figure 4) shows peaks at 2924, 2853, 1467, 1378 and 721 cm−1. The two characteristic peaks at 2924 and 2853 cm−1 are associated with C–H stretching of methylene groups [21,22,23], while the band at 721 cm−1 is related to rocking of methylene groups [23,24,25]. The paraffin sample also shows a strong characteristic peak at 1467 cm−1 that corresponds to C–H bending of methylene/methyl groups [23] and a weak characteristic peak at 1378 cm−1 that is related to C–H bending of methyl groups [23,26,27].

The FT-IR spectra of CPCMs (Figure 4 and Figure 5) show peaks that are already present in Paraffin, Kaolin and GGBS spectra, i.e., no new peak is observed. In the Paraffin-Kaolin composite PCM, the peaks at 3696, 3670, 3652, 3620, 3446, 1116, 1032, 1007, 937, 912, 754, 538 and 467 cm−1 are related to Kaolin, while the peaks at 2918, 2850, 1468 and 1378 cm−1 correspond to Paraffin. For the Paraffin-GGBS composite PCM, the peaks at 3467, 1444, 958 and 502 cm−1 are associated with GGBS, while the peaks at 2919, 2850, 1467, 1378 and 718 cm−1 are linked to Paraffin. The CPCMs showed little or no shift in the characteristic peaks clearly depicting that the interactions between the components are physical in nature and prevented the leakage of PCM from the building materials during phase transition of the paraffin [10,19,42,43].







3.3. Thermal Properties of the CPCMs

The DSC curves of the paraffin and CPCMs are shown in Figure 6. The melting and freezing temperatures are found to be 28.27 and 26.98 °C for the paraffin, 23.88 and 26.33 °C for Paraffin-Kaolin composite PCM and 23.54 and 26.38 °C for Paraffin-GGBS composite PCM. The decrease in the phase-change temperature is most likely due to the physical interaction between paraffin and building materials as characterized by FT-IR. The results are in agreement with the available literature [19,44,45], in which the researchers found that the interaction between the components of the composite play an important role in deciding the shift direction of the melting point in porous media. Moreover, because the phase change temperature of the composite is close to human comfort temperature, it can be used in building applications as a thermal energy-storage material, especially in the interior walls of buildings, where it can moderate the fluctuations in indoor temperature and improve the indoor thermal environment [14].

Figure 6. DSC thermograms of the paraffin and CPCMs.



[image: Materials 08 00499 g006 1024]







The latent heat of melting and freezing stored per unit mass are 150.9 and 152.8 J/g for Paraffin, 27.88 and 27.94 J/g for Paraffin-Kaolin composite PCM and 13.64 and 13.58 J/g for Paraffin-GGBS composite, respectively. The latent-heat storage values of composite PCM are slightly lower/higher than the calculated values, obtained by multiplying the mass content of paraffin in the CPCMs with the latent heat of the paraffin in the pure state. It is worth mentioning here that these materials are already being used in the building industry; therefore, their utilization for energy storage applications would be an additional advantage.



3.4. Thermal Stability of the CPCMs

TGA was used to determine the thermal stability of CPCMs. The thermal degradation of the paraffin and CPCMs is shown in Figure 7. The weight-loss process of the paraffin starts at approximately 140 °C and ends at approximately 270 °C with only one step, which corresponds to the volatilization of paraffin. As far as the CPCMs are concerned, weight loss below 150 °C is negligible. Therefore, it can be deduced that the thermal stability of paraffin has increased after being confined in the pores of building materials. It can also be seen that the major weight-loss process for all the CPCMs is completed before that of the pure paraffin. An earlier occurrence of rapid weight loss of CPCMs may be attributed to the difference in physical behavior between free paraffin and pore-confined paraffin. However, the total weight loss of paraffin in Paraffin-Kaolin and Paraffin-GGBS composite PCM measured in the TGA is 17.54% and 8.8%, respectively, which is quite close to the vacuum impregnation results. It demonstrates the homogeneity of CPCMs. As mentioned above, the weight loss in the CPCMs below 150 °C is negligible. Therefore, the prepared composite can be used for thermal energy storage in building applications.

Figure 7. TGA thermograms of the paraffin and CPCMs.
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3.5. Thermal Reliability of the CPCMs

For building applications, the CPCMs should be thermally reliable over a large number of melting and freezing cycles. In other words, the CPCMs should show little or no change in the chemical structure and thermal properties after long-term use [10]. After thermal cycling, the changes in the chemical structure were determined by FT-IR, while the changes in the thermal properties were investigated by DSC. The FT-IR spectra of the composite PCMs before and after thermal treatment are presented in Figure 8 and Figure 9. It can be seen that the shape and peak wavenumber values did not change after thermal cycling. Thus, it can be concluded that the chemical structure of the CPCM was not changed by thermal cycling. The DSC curves of CPCM before and after thermal cycling are shown in Figure 10. The melting and freezing temperatures changed by 0.42 and −0.14 °C for Paraffin-Kaolin composite PCM and −0.27 and 0.14 °C for Paraffin-GGBS composite PCM. The changes observed in the latent-heat storage capacity of melting and freezing were 1.85 and 0.26 J/g for Paraffin-Kaolin composite PCM and 0.2 and 0.27 J/g for Paraffin-GGBS composite PCM. Because the changes observed in the thermal properties are smaller, the developed CPCMs have good thermal reliability and can be used as latent-heat storage materials in buildings.

Figure 8. FT-IR spectra of Paraffin-Kaolin composite PCM before and after thermal cycling.
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Figure 9. FT-IR spectra of Paraffin-GGBS composite PCM before and after thermal cycling.
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Figure 10. DSC thermograms of CPCMs before and after thermal treatment.
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3.6. Thermal Performance of CPCMs


3.6.1. Thermal Performance of Paraffin-Kaolin Composite

The thermal performance of the small room model was evaluated by monitoring the indoor temperature variation during a test period of 2 h. The indoor-temperature variation curves of the room model with the top panel prepared with and without Paraffin-Kaolin composite are shown in Figure 11. It can be seen that in comparison to the control room model, the room prepared with PCM-Kaolin composite has a lower indoor temperature during the heating and cooling processes. Additionally, the temperature curves for the room model with Paraffin-Kaolin composite are right-shifted. It is known that the consumption of electricity varies during the day and night according to demand from the building, industrial and commercial sectors. This variation can lead to a differential pricing system for peak and off-peak periods. Thus, Paraffin-Kaolin composite cement-paste panel can be beneficial in such situations by shifting the load away from the peak demand times. Therefore, energy can be purchased at a lower cost during off-peak periods. From the thermal performance test, the maximum temperature values for the control and Paraffin-Kaolin composite room models are 39.6 and 34.7 °C, respectively. This shows that the difference in the maximum indoor center temperature between Control and Paraffin-Kaolin room model is 4.9 °C. Thus, it can be inferred that part of the heating load has been taken by the paraffin in Kaolin. When the cooling curves for the room models are compared, it is found that the indoor temperature decreased by 13.5 and 9 °C for Control and Paraffin-Kaolin room model during the 1 h cooling period. This shows that Paraffin-Kaolin composite room model is helpful in reducing indoor temperature fluctuations. Therefore, it can be concluded that Paraffin-Kaolin composite may be helpful in reducing the energy consumption by decreasing the indoor temperature and hence can be a potential candidate for applications in building facades.

Figure 11. Indoor temperature variation at the center of the room model—Control and Paraffin-Kaolin composite room model.
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3.6.2. Thermal Performance of Paraffin-GGBS Composite

The thermal performance of the control and Paraffin-GGBS composite room model is shown in Figure 12. It can be seen that in comparison to the control room model, the room prepared with Paraffin-GGBS composite exhibits a lower indoor temperature. In addition, the temperature curve of the Paraffin-GGBS composite has a flatter profile and is right-shifted. This response highlights the latent-heat storage performance of the phase-change material during its phase transition from solid to liquid, and consequently the heat transfer by conduction through Paraffin-GGBS composite panel is reduced and retarded. During heating, the Paraffin-GGBS room model exhibited a maximum temperature that was 4.1 °C lower. This result shows that part of the heating load was absorbed by paraffin in GGBS. During cooling for 1 h, the indoor temperature decreased by 14.7 and 11.5 °C for Control and Paraffin-GGBS room models. Thus, the temperature fluctuation is reduced substantially in the Paraffin-GGBS composite room model compared to control. Based on the test results, it can be concluded that the prepared Paraffin-GGBS composite is a promising candidate for thermal energy-storage applications.

Figure 12. Indoor temperature variation at the center of the room model—Control and Paraffin-GGBS composite room model.
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We would like to mention here that the compatibility between the cement matrix and the composite PCM (bond between them) plays an important role in evaluating the mechanical properties of a thermal energy storage cementitious composite. For example, the thermal performance of cement mortar prepared with n-octadecane/expanded graphite composite PCM was evaluated by Zhang et al. [46]. The thermal energy storage cement mortar (TESCM) improved the thermal performance while the compressive strength with 2.5% n-octadecane/expanded graphite composite PCM by mass of TESCM was found to be 10.5 MPa. Hunger et al. [47] also reported the compressive strength results of micro encapsulated PCM self-compacting concrete. It was reported that the compressive strength of self-compacting concrete with 3% microencapsulated PCM by mass of concrete was 35 MPa, which is acceptable for most constructional purposes. Recently, Xu and Li [48] produced thermal energy storage cementitious composite by incorporation of paraffin/diatomite composite PCM. With the incorporation of 30% paraffin/diatomite composite PCM, the compressive strength of thermal energy storage cementitious composite at 28-days was about 25.7 MPa, which according to the authors, is acceptable by building materials standards (Chinese National Standard GB 50574-2010) [49]. Since, the composite PCMs developed in this research would be utilized in a mortar/concrete system, it is suggested that the mechanical performance of the mortar/concrete prepared with CPCMs should also be investigated in future studies.





4. Conclusions

A combination of building materials and PCM is an efficient way to increase the thermal energy-storage capacity of building components for the purpose of direct thermal energy storage in buildings. Therefore, in this study, Kaolin and GGBS, which are widely used building materials, were used to develop CPCMs. The CPCMs were prepared by incorporation of paraffin into these building materials through vacuum impregnation. Based on the test results, the following conclusions can be drawn:


	(1)

	Through vacuum impregnation, the maximum percentage of paraffin retained by Kaolin and GGBS was found to be 18% and 9%, respectively. ESEM micrographs showed that paraffin was well confined in the pores of Kaolin and GGBS through capillary forces and surface tension which, in turn, prevented the seepage of the melted PCM.



	(2)

	FT-IR results showed that the interaction between the components of composite PCM are physical in nature and were also responsible for preventing the leakage of paraffin during its phase transition from solid to liquid. It can therefore be concluded that the components of the prepared CPCMs are chemically compatible with each other.



	(3)

	From DSC analysis, it was found that the phase-change temperatures of the developed CPCMs are in the proper temperature range for human comfort. Therefore, it can be used in building applications as a thermal energy-storage material where it can moderate the fluctuations in indoor temperatures and improve the indoor thermal environment. Moreover, the prepared CPCMs have considerable energy-storage potential; therefore, they can be used to decrease cooling, heating, and air-conditioning loads in buildings.



	(4)

	From TGA results, it was found that none of the prepared CPCMs showed signs of degradation below 150 °C, and almost no weight loss was observed, indicating that the prepared CPCMs are very stable in the working temperature region. Therefore, it can be concluded that the CPCMs have good thermal stability and can be used in thermal energy-storage applications.



	(5)

	The chemical structure of prepared CPCMs was not affected by thermal cycling. Moreover, the changes observed in the phase-change temperature and latent heat storage of the prepared CPCMs after repeated thermal cycling were smaller. Therefore, the prepared CPCMs have good thermal reliability.



	(6)

	From the self-designed thermal performance setup, it was found that the prepared CPCMs are effective in reducing the indoor temperature. Additionally, the temperature curves for the room model with CPCMs were right-shifted. Therefore, it can be concluded that CPCMs may be helpful in reducing the energy consumption by decreasing the indoor temperature and hence can be a potential candidate for applications in building facades.










Acknowledgments

This research was supported by the National Natural Science Foundation of China (No.: 51372155).



Author Contributions

Shazim Ali Memon provided the original ideas and did data analysis. Wenyu Liao did the experiments, data analysis. Shuqing Yang did the experiments. Hongzhi Cui did main data analysis and wrote part of this paper. Syed Farasat Ali Shah did partial data analysis and language editing.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Sharma, A.; Tyagi, V.V.; Chen, C.R.; Buddhi, D. Review on thermal energy storage with phase change materials and applications. Renew. Sustain. Energy Rev. 2009, 13, 318–345. [Google Scholar] [CrossRef]

	2. 
Zhang, D.; Tian, S.L.; Xiao, D.Y. Experimental study on the phase change behavior of phase change material confined in pores. Sol. Energy 2007, 81, 653–660. [Google Scholar] [CrossRef]

	3. 
Ling, T.C.; Poon, C.S. Use of phase change materials for thermal energy storage in concrete: An overview. Constr. Build. Mater. 2013, 46, 55–62. [Google Scholar] [CrossRef]

	4. 
Meshgin, P.; Xi, Y. Effect of phase-change materials on properties of concrete. ACI Mater. J. 2012, 109, 71–80. [Google Scholar]

	5. 
Ma, B.; Adhikari, S.; Chang, Y.; Ren, J.; Liu, J.; You, Z. Preparation of composite shape-stabilized phase change materials for highway pavements. Constr. Build. Mater. 2013, 42, 114–121. [Google Scholar] [CrossRef]

	6. 
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. [Google Scholar] [CrossRef]

	7. 
Sarı, A.; Karaipekli, A. Fatty acid esters-based composite phase change materials for thermal energy storage in buildings. Appl. Therm. Eng. 2012, 37, 208–216. [Google Scholar] [CrossRef]

	8. 
Zuo, J.; Li, W.; Weng, L. Thermal performance of caprylic acid/1-dodecanol eutectic mixture as phase change material (PCM). Energy Build. 2011, 43, 207–210. [Google Scholar] [CrossRef]

	9. 
Wang, W.; Yang, X.; Fang, Y.; Ding, J.; Yan, J. Preparation and thermal properties of polyethylene glycol/expanded graphite blends for energy storage. Appl. Energy 2009, 86, 1479–1483. [Google Scholar] [CrossRef]

	10. 
Karaipekli, A.; Sari, A. Preparation and characterization of fatty acid ester/building material composites for thermal energy storage in buildings. Energy Build. 2011, 43, 1952–1959. [Google Scholar] [CrossRef]

	11. 
Karaipekli, A.; Sarı, A. Capric–myristic acid/vermiculite composite as form-stable phase change material for thermal energy storage. Sol. Energy 2009, 83, 323–332. [Google Scholar] [CrossRef]

	12. 
Wang, Y.; Xia, T.D.; Zheng, H.; Feng, H.X. Stearic acid/silica fume composite as form-stable phase change material for thermal energy storage. Energy Build. 2011, 43, 2365–2370. [Google Scholar] [CrossRef]

	13. 
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. [Google Scholar] [CrossRef]

	14. 
Li, H.; Liu, X.; Fang, G. Preparation and characteristics of n-nonadecane/cement composites as thermal energy storage materials in buildings. Energy Build. 2010, 42, 1661–1665. [Google Scholar] [CrossRef]

	15. 
Babu, G.K.; Kumar, V.S.R. Efficiency of GGBS in concrete. Cem. Concr. Res. 2000, 30, 1031–1036. [Google Scholar] [CrossRef]

	16. 
Sabir, B.; Wild, S.; Bai, J. Metakaolin and calcined clays as pozzolans for concrete: A review. Cem. Concr. Compos. 2001, 23, 441–454. [Google Scholar] [CrossRef]

	17. 
Siddique, R.; Klaus, J. Influence of metakaolin on the properties of mortar and concrete: A review. Appl. Clay Sci. 2009, 43, 392–400. [Google Scholar] [CrossRef]

	18. 
TA Instruments. Available online: http://www.tainstruments.com (accessed on 30 January 2015).

	19. 
Zhang, D.; Zhou, J.; Wu, K.; Li, Z. Granular phase changing composites for thermal energy storage. Sol. Energy 2005, 78, 471–480. [Google Scholar] [CrossRef]

	20. 
Kheradmand, M.; Azenha, M.; de Aguiar, J.L.B.; Krakowiak, K.J. Thermal behavior of cement based plastering mortar containing hybrid microencapsulated phase change materials. Energy Build. 2014, 84, 526–536. [Google Scholar] [CrossRef]

	21. 
Severcan, F.; Toyran, N.; Kaptan, N.; Turan, B. Fourier transform infrared study of the effect of diabetes on rat liver and heart tissues in the C–H region. Talanta 2000, 53, 55–59. [Google Scholar] [CrossRef] [PubMed]

	22. 
Gokulakumar, B.; Narayanasyamy, R. Fourier transform-infrared spectra (FT-IR) analysis of root rod disease in sesame (Sesamum indicum). Rom. J. Biophys. 2008, 18, 217–223. [Google Scholar]

	23. 
Coates, J. Intrepretation of infrared spectra, a practical approach. In Encyclopedia of Analytical Chemistry; Meyers, R.A., Ed.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2000. [Google Scholar]

	24. 
Memon, S.A.; Lo, T.Y.; Barbhuiya, S.A.; Xu, W. Development of form-stable composite phase change material by incorporation of dodecyl alcohol into ground granulated blast furnace slag. Energy Build. 2013, 62, 360–367. [Google Scholar] [CrossRef]

	25. 
Hamizi, N.A.; Johan, M.R. Optical and ftir studies of cdse quantum dots. In Proceedings of the 3rd International Nanoelectronics Conference (INEC), Hong Kong, China, 3–8 January 2010.

	26. 
Su, Y.L.; Wang, J.; Liu, H.Z. FTIR spectroscopic study on effects of temperature and polymer composition on the structural properties of PEO-PPO-PEO block copolymer micelles. Langmuir 2002, 18, 5370–5374. [Google Scholar] [CrossRef]

	27. 
Litvinov, V.M.; De, P. Spectroscopy of Rubbers and Rubbery Materials; Rapra Technology Limited: Telford, UK, 2002. [Google Scholar]

	28. 
Madejová, J. FTIR techniques in clay mineral studies. Vib. Spectrosc. 2003, 31, 1–10. [Google Scholar] [CrossRef]

	29. 
Belver, C.; Muñoz, M.A.B.; Vicente, M.A. Chemical activation of a kaolinite under acid and alkaline conditions. Chem. Mater. 2002, 14, 2033–2043. [Google Scholar] [CrossRef]

	30. 
Ryan, P.C.; Huertas, F.J. The temporal evolution of pedogenic Fe-smectite to Fe-kaolin via interstratified kaolin-smectite in a moist tropical soil chronosequence. Geoderma 2009, 151, 1–15. [Google Scholar] [CrossRef]

	31. 
Ekosse, G.I.E. Fourier transform infrared spectrophotometry and X-ray powder diffractometry as complementary techniques in characterizing clay size fraction of kaolin. J. Appl. Sci. Environ. Manag. 2005, 9, 43–48. [Google Scholar]

	32. 
Saikia, B.J.; Parthasarathy, G. Fourier transform infrared spectroscopic characterization of kaolinite from assam and meghalaya, northeastern india. J. Mod. Phys. 2010, 1, 206–210. [Google Scholar] [CrossRef]

	33. 
Al-Alawi, A.; Voort, F.R.V.D.; Sedman, J.; Ghetler, A. Automated Ftir Analysis of Free Fatty Acids or Moisture in Edible Oils; McGill University: Quebec, QC, Canada, 2006. [Google Scholar]

	34. 
Vaculikova, L.; Pelvova, E.; Vallova, S.; Koutnik, I. Characterization and differentiation of kaolinites from selected czech deposits using infrared spectroscopy and differential thermal analysis. Acta Geodyn. Geomater. 2011, 8, 59–67. [Google Scholar]

	35. 
Panda, A.K.; Mishra, B.G.; Mishra, D.K.; Singh, R.K. Effect of sulphuric acid treatment on the physico-chemical characteristics of kaolin clay. Colloids Surf. A Physicochem. Eng. Asp. 2010, 363, 98–104. [Google Scholar] [CrossRef]

	36. 
Sugama, T.; Ecker, L.; Butcher, T. Carbonation of Rock Minerals by Supercritical Carbon Dioxide at 250 °C; Brookhaven National Laboratory: Upton, NY, USA, 2010; p. 25.

	37. 
Manríquez, M.E.; López, T.; Gomez, R.; Picquart, M.; Hernández-Cortez, J.G. Sol-gel silica modified with phosphate and sulfate ions. J. Non-Cryst. Solids 2004, 345–346, 643–646. [Google Scholar] [CrossRef]

	38. 
Bernal, S.A.; Provis, J.L.; Rose, V.; Mejía de Gutierrez, R. Evolution of binder structure in sodium silicate-activated slag-metakaolin blends. Cem. Concr. Compos. 2011, 33, 46–54. [Google Scholar] [CrossRef]

	39. 
Liu, Z.; Qian, G.; Zhou, J.; Li, C.; Xu, Y.; Qin, Z. Improvement of ground granulated blast furnace slag on stabilization/solidification of simulated mercury-doped wastes in chemically bonded phosphate ceramics. J. Hazard. Mater. 2008, 157, 146–153. [Google Scholar] [CrossRef] [PubMed]

	40. 
Handke, M.; Harrick, N.J. A new accessory for infrared emission spectroscopy measurements. Appl. Spectrosc. 1986, 40, 401–405. [Google Scholar] [CrossRef]

	41. 
El-Didamony, H.; Amer, A.A.; Ela-ziz, H.A. Properties and durability of alkali-activated slag pastes immersed in sea water. Ceram. Int. 2012, 38, 3773–3780. [Google Scholar] [CrossRef]

	42. 
Karaipekli, A.; Sari, A. Preparation, thermal properties and thermal reliability of eutectic mixtures of fatty acids/expanded vermiculite as novel form-stable composites for energy storage. J. Ind. Eng. Chem. 2010, 16, 767–773. [Google Scholar] [CrossRef]

	43. 
Fang, X.; Zhang, Z.; Chen, Z. Study on preparation of montmorillonite-based composite phase change materials and their applications in thermal storage building materials. Energy Convers. Manag. 2008, 49, 718–723. [Google Scholar] [CrossRef]

	44. 
Radhakrishnan, R.; Gubbins, K.E.; Watanabe, A.; Kaneko, K. Freezing of simple fluids in microporous activated carbon fibers: Comparison of simulation and experiment. J. Chem. Phys. 1999, 111, 9058–9067. [Google Scholar] [CrossRef]

	45. 
Radhakrishnan, R.; Gubbins, K.E. Free energy studies of freezing in slit pores: An order-parameter approach using monte carlo simulation. Mol. Phys. 1999, 96, 1249–1267. [Google Scholar] [CrossRef]

	46. 
Zhang, Z.; Shi, G.; Wang, S.; Fang, X.; Liu, X. Thermal energy storage cement mortar containing n-octadecane/expanded graphite composite phase change material. Renew. Energy 2013, 50, 670–675. [Google Scholar] [CrossRef]

	47. 
Hunger, M.; Entrop, A.G.; Mandilaras, I.; Brouwers, H.J.H.; Founti, M. The behavior of self-compacting concrete containing micro-encapsulated phase change materials. Cem. Concr. Compos. 2009, 31, 731–743. [Google Scholar] [CrossRef]

	48. 
Xu, B.; Li, Z. Paraffin/diatomite composite phase change material incorporated cement-based composite for thermal energy storage. Appl. Energy 2013, 105, 229–237. [Google Scholar] [CrossRef]

	49. 
Chinese National Standard. Uniform Technical Code for Wall Materials Used in Buildings; GB 50574-2010; Chinese National Standard: Beijing, China, 2010. (In Chinese) [Google Scholar]





© 2015 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 license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Transmittance

Paraffin

3500 3000 2500 2000 1500 1000 Slrbll 0

Kaolin

3500 3000 2500 2000 1500 1000 500 0

Paraffin-KO Composite PCM

3500 3000 2500 2000 1500 1000 500 0

Wavenumbers [1/cm]





nav.xhtml


  materials-08-00499


  
    		
      materials-08-00499
    


  




  





media/file11.png
w
o

(]
o)

Temperature (°C)

e CRM-0.55
=== Paraffin-KO-0.55

20 40 60 80 100 120 140
Time (Mins)





media/file1.png





media/file2.png
Lamp 150w
e

.
£
£
g
e
Hollow PVC envelope £
&
&
E
Area of Top Panel exposed g
to the lamp A00mmx100mm) &

Wooden plate

C400mMx400mmxE0nmy

Hollow PVC envelope

Cement Paste

pane!

Snall test £
Room :

Thermocouple-
120mn

FRONT VIEW

£
o £ S
1 (100mmx100mm> & -
Wooden plate
with reflective
paper g
b

100mm

400mmn
1

T0P VIEW





media/file7.png
Weight Loss (%)

100

R

Paraffin-GGBS composite PCM

—— Paraffin
—— Paraffin-KO composite PCM

T
100

T T T T 1
200 300 400 500 600

Temperature (°C)






media/file9.png
Transmittance

Paraffin-GGBS composite PCM
Before

P - ffi GRS T Tt P(‘)I
After

3500 3000 2500 2000 1500 1000 500 0
Wavenumbers [1/cm]





media/file10.png
Heat Flow (W/g)

Heat Flow (W/g)

—— Paraffin-KO-Before

—— Paraffin-KO-Before
—— Paraffin-KO-After

—— Paraffin-KO-After R
Treak=28.78°C o2
T e =23.46°C =
Tpeak=28-8 >
AH=26.03 J/g To238EC z2 o
AH=27.88 J/g H
L 04
g
ES g Toeak=2355°C
8 T T0ATS: Tireer=26.33°C
ARSITER NI AH=27.94 Jig
10 20 30 40 ° “©
Temperature (-C) Temperature (°C)
—— Paraffin-GGBS-Before " —— Paraffin-GGBS-Before
—— Paraffin-GGBS-After a —— Paraffin-GGBS-After
Tooa=28.52°C
=2354°C 5 02
AH=13.64 JIg 3
_§ 0.3
o
28.79°C € AP
pen"287 H Toea=24.13°C T 2376
T, a=2381°C I 4 =26.38°C b
AH=13.44 J/g AH=13.58 J/g oo
58 Jig AH=13.31J/g
20 30 : 20 0 40
Temperature (°C) Temperature (°C)





media/file5.png
Transmittance

Paraffin

3500 3000 2500 2000 1500 1000

500 0

GGBS

3500 3000 2500 2000 1500 1000

500 0

Paraffin-GGBS Composite PCM

T

3500 3000 2500 2000 1500 1000
Wavenumbers [1/cm]

500 0





media/file12.png
Temperature (°C)

60 80
Time (Mins)

e CRM-0.45
e Paraffin-GGBS-0.45

100 120 140





media/file3.png
AccV Spot Magn  Det WD ——— 2um AccV  Spot Magn', Dot WD ————— 10um
100kv 30 10000x SE 7.7 150KV 40 2600« GSE 74, 30Ton

AccV SpotMagn Det WD F———— 10pm AceV' Spot Magn  Det WD F—————1 20ym
100KV 30 2600x SE 173 100kV30 1260x SE 73

Accl (SpotMagn Dot WD ————— &um
10KV 40 4000x GSE 73 35Tom






media/file0.png





media/file8.png
Transmittance

Paraffin-KO composite PCM
Before

3500 3000 2500 2000 1500 1000 300 0

Paraffin-KO composite PCM
After

3500 3000 2500 2000 1500 1000 500 0
Wavenumbers [1/cm]





media/file6.png
Heat Flow (W/g)

Heat Flow (W/g)

— Paraffin —— Paraffin

3.0 0.0
25
20 g
B
3z
15 AH=150.9 Jig 2
1.0 T"'
T peak=24:30
0.5 -
AH=152.8 JIg
6 1 20 40 10 20 40
Temperature (C) Temperature (C)
— Paraffin-KO
07 0.1
Paraffin-KO
06 0.2
228.89° 5
5 08 Tpea=28.89°C g
H 0s T =23.88°C .03
3 N AH=27.88 Jig 5
[ w
£ o3 G o
2 o
T 02 T
0.5
01
"o 20 40 . 0 40
Temperature (:C) Temperature (-C)
05 — Paraffin-GGBS - Paraffin-GGBS
04 peak
Ten=23.54°C B 02
0.3 AH=13.64 JIs 3
5 03
0.2 L3
5 oak=24.13°C
0.1 T 04 Tiroez=26.38°C
AH=13.58 Jig
) 10 40 "o 40

o 20 30
Temperature (“C)





