
Phase Change Materials
Subjects: Chemistry, Analytical

Contributor: Alejandro Manzano-Ramirez, José Luis Reyes Araiza

The energy sector is one of the fields of interest for different nations around the world. Due to the current fossil fuel crisis,

the scientific community develops new energy-saving experiences to address this concern. Buildings are one of the

elements of higher energy consumption, so the generation of knowledge and technological development may offer

solutions to this energy demand, which are more than welcome. Phase change materials (PCMs) included in building

elements such as wall panels, blocks, panels or coatings, for heating and cooling applications have been shown, when

heating, to increase the heat storage capacity by absorbing heat as latent heat.
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1. General Classification of PCM Materials, Comments

Materials for phase change thermal energy storage must have a large latent heat and high thermal conductivity. They

should have a melting temperature lying in the practical range of operation, melt congruently with minimum subcooling, be

chemically stable, low in cost, non-toxic and non-corrosive. The PCMs are grouped into organic, inorganic and eutectic

mixtures of compounds that can yield different phase change temperatures. This classification has emerged from studies

carried out over 40 to 50 years and, in that period, other authors have shown the advantages and disadvantages of

PCMs. Different experimental techniques have been reported and used to determine these materials’ behavior in melting

and solidification. Hence, according to the analyzed papers , it is

concluded that no material has all the optimal characteristics required for a PCM and selecting a PCM for a given

application requires careful consideration of the properties of various substances.

Differential scanning calorimetry methods (DSC) are widely used to determine the thermophysical properties (heat of

fusion, specific heat and melting point) of PCMs and have served to classify them. However, it may be suggested that

other methods , such as the T-history method and conventional calorimetry

methods, have also been used. The analysis of these properties is carried out with thermograms, in which we can identify

the values of the phase transition temperatures during melting and freezing. However, as tiny samples are used to

determine these properties’ values, they may vary with large samples.

1.1. Organic

Three sub-types can be highlighted within the organic phase change materials: paraffins, fatty acids and polyethylene

glycol (PEG). In general, these compounds have good thermal properties and convenient chemical stability . As a

result, it is seen how much of the research is currently related to different kinds of paraffin’ uses in construction elements

for buildings because their chemical stability facilitates the synthesis of materials and products’ manufacture.

1.2. Inorganic

Compared to organic PCMs, there are fewer inorganic compounds that can be used in the construction industry. The two

most widely used types are hydrated salts and metallic salts, where hydrated salts have been the most studied in all fields

of research related to PCM’s .

1.3. Eutectics

Eutectic PCM is a mixture of two or more PCMs to achieve a desirable melting point. Eutectic nearly always melts and

freezes without segregation because the components are selected to freeze and melt simultaneously. These PCMs

acquired great importance due to various eutectic compounds with different properties that can benefit thermal energy

storage systems. In general, from the literature , it is clear that non-organic PCMs have better thermal

storage characteristics; however, they tend to be more expensive than paraffin.
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Table 1 shows some of the chemical components used for construction materials. Although these properties are the main

ones, it is convenient to consider other secondary properties, which can be very important depending on the application,

geographical area and number of cycles. The thermal properties of PCM suitable for buildings is described by Khudhair,

A. M. and M. M. Farid , Memon, S. A.  and Cui, Y., J. Xie, J. Liu and S. Pan ; meanwhile the advantages and

drawbacks from various PCMs are indicated in Khudhair, A. M. and M. M. Farid , A. Felix Regin et al. , Baetens, R.,

B. P. Jelle and A. Gustavsen  and Cui, Y., J. Xie, J. Liu and S. Pan .

Table 1. Characteristics of macro-encapsulated PCMs for buildings.

1. Melting

temperature
Liquid–solid phase transition temperature close to the required operating temperature range

2. Phase change

enthalpy
A high value improves the energy storage density in the system; value close to 200 kJ/kg

3. Specific heat

capacity
In general, it should be more than 2.5 kJ/kg °K

4. Thermal

Conductivity

High thermal conductivity will improve thermal charge and discharge speed; value greater

than 0.6 W/m °C

5. Thermal Cycles This must be able to experience over 5000 thermal cycles of charge and discharge

6. Over-cooling
This should not undergo over-cooling, because the PCM will not completely solidify below

freezing. This could reduce heat removal during freezing

7. Change in Volume
This should experience minimal change in volume during phase change, a large change will

increase the size of the container

8. Congruent fusion
Must be completely melted and frozen to ensure homogeneity in the solid and liquid phase. If

this is not congruent, it will generate segregation due to the difference in densities

9. Vapor Pressure
You must have a low vapor pressure in the operating temperature range to avoid containment

problems

10. Non-corrosive It must not be corrosive or toxic to the environment

11. Economical and

Availability
Must be available on a large scale and at an economical price

12. Non-flammable Must not be flammable to avoid any fire hazard.

2. Encapsulation Processes for PCMs

A successful PCM thermal storage system should have a suitable container for the PCM (encapsulation of PCMs) and a

heat exchange surface for transferring heat from the heat source to PCM and from PCM to the heat sink. It is necessary

for proper operation that the encapsulation has strength, flexibility, corrosion resistance, thermal stability, structural

stability and easy handling. Bulk storage in a tank (tank heat exchangers with more extensive heat transfer), macro-

encapsulation and microencapsulation are the types of confinements most analyzed for PCMs.
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2.1. Macro-Encapsulation

The most common type of PCM containment is macro-encapsulation, in which a significant quantity of PCM is

encapsulated in a discrete unit (encapsulation in containers usually larger than 1 cm in diameter). The shape of the

encapsulating shell can be any form (tubes, cylinders, pouches and cubes). The most cost-effective containers are plastic

bottles (high density and low-density polyethylene bottles and polypropylene bottles), tin-plated metal cans and mild steel

cans. The mass of PCM per unit may range from a few grams to a kilogram. The analysis of the revised papers 

 shows how macro-encapsulated PCM can be easily prepared in any shape and size to suit

different applications. Unlike micro-encapsulation, where various methods and techniques are used to encapsulate the

PCM, the PCM’s macro-encapsulation does not require any pre-defined process.

By careful selection of the capsule geometry and the capsule material, the macro-encapsulation can be used for a wide

variety of energy storage needs and can be to get incorporated easily into the building envelope of any shape, size and

dimension. However, the compatibility of the shell material with building material and PCM is the area that still needs

investigation for further improvement . The advantage of the macro-encapsulation is its

applicability to both liquid and air as heat transfer fluids and easier to ship and handle. In general, macro-capsules are

incorporated on exterior walls and precast slabs since buildings’ facades are in direct contact with weather conditions as

well as to expose to solar radiation. Its operation depends on several factors:

the location of the macro-capsule (the internal or external surface or within the construction element);

the local weather conditions of the region (ambient temperature, solar radiation);

the geometric characteristics of the construction part (concrete wall, partition masonry);

the conductive characteristics of heat through the building material and the type of PCM.

Some reputable macro-encapsulated PCM manufacturers have been prepared and marketed as various forms of

microencapsulates, such as Microtek Laboratories , Rubitherm technologies , Pure temp LLC , Shanghai

Tempered Entropy New Energy Co. , MikroCaps , Winco technologies  and Teappcm , which individually

market the following products: polymers, aluminum panels, polymer bags, pouches, aluminum tube, plastic blocks,

breather membrane, stainless steel balls and HDPE (High Density Polyethylene) panels. Manufacturers of products ready

for building applications are shown in Baetens, R., B. P. Jelle and A. Gustavsen , Kalnaes, S. E. and B. P. Jelle  and

Vicente, R. and T. Silva , while the characteristics of macro-encapsulated PCMs for buildings are summarized in Table

1.

2.2. Microencapsulation

Microencapsulation refers to techniques in which small PCM particles or droplets (spherical or rod-shaped) are contained

within a sealed, continuous shell (thin and high molecular weight polymeric film or inorganic film). This technique is an

excellent solution to prevent leakage of the melted PCM in latent heat thermal energy storage systems, reduce PCM

reactivity with the outside environment. The critical analysis of the literature  shows how micro-encapsulation

improves heat transfer to the surrounding through its large surface to volume ratio and improves cycling stability since

phase separation is restricted to microscopic distances; however, the cost of the microencapsulation system is high

compared to other thermal storage methods. The coated particles can then be incorporated in a powder form or dispersed

into a carrier fluid in any matrix compatible with the encapsulating film. It follows that the film must be compatible with both

the PCM and the matrix .

The possible morphologies (shapes) of microcapsules can be diverse (irregular shape, spherical, tubular, multi-wall, multi-

core and matrix particle) and depending on the arrangement of the core material and the deposition process of the shell.

There can be four types of distribution: mononuclear (core/shell), polynuclear (many cores coated with a continuous shell

material), matrix encapsulation (the core material is distributed homogeneously) and multi-film (a continuous core coated

with multilayer continuous shell material) .

Organic PCM core has a suitable melting point near the thermal comfort range of humans around 20 °C and has several

advantages over other types of PCM materials. Organic PCM includes different classes like paraffin (n-alkane), fatty

acids, alcohols, esters and polyethylene glycol (PEG). Paraffin class materials of organic PCM are the most popular

choice as core materials. On the other hand, polyethylene glycol (PEG) is difficult to encapsulate. Similarly, inorganic salts

are also rarely encapsulated due to their solubility in water.
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Shell materials form the capsules that contain the PCM and can be made from an organic or inorganic material or hybrid

shell materials made of organic-inorganic combination. The majority of the shells are organic and prepared through

chemical methods like polymerization. A shell material should not undergo a chemical reaction with the PCM core and

should possess good chemical and thermal stability. Its surface morphology must be smooth hand it should have

minimum porosity and prevent any leakage of PCM at temperatures above the melting point of PCM. The shell provides

mechanical strength (so that thicker layers show a much better mechanical behavior) and also shape stability, and it is

desirable to have shell material with high thermal conductivity.

Concerning the encapsulation process, from the literature, it may be pointed out that there are three different

methodologies to microencapsulated PCM, and the most appropriate technique depends on the physical and chemical

properties of the materials to be used :

(a) physical methods: pan coating, air-suspension coating, centrifugal extrusion, vibrational nozzle, spray drying and

solvent evaporation;

(b) physic-chemical methods: Ionic gelation, coacervation, sol-gel;

(c) chemical methods: interfacial polymerization, suspension polymerization, emulsion polymerization.

Research reports  mention that the mean diameter, the thickness of the shell and the mass percentage of PCM

compared to the total mass of the capsule is related to the quality of the microencapsulation process PCMs. This

methodology for PCM still needs to be improved because the microcapsules can break when colliding with other

microcapsules when used in active systems. Elsewhere, integrated carbon additives in building materials made of

composite materials with PCM microcapsules have reported improvements in efficiency and the heat transfer rate .

In summary, in the literature revised so far, we can observe that many researchers have studied microencapsulation, but

the literature is scattered .

With micro-encapsulated phase change materials products for buildings, two companies (BASF and Microteklab) have

designed micro-capsules for home and office applications; furthermore, Rubitherm GmbH (Germany), Cristopia (France),

TEAPEnergy (Australia), PCMProducts (UK), Climator (Sweden) and Mitsubishi Chemical (Japan) already offer

commercial PCMs.

One of the objectives of using PCMs in mortars and concretes, regardless of the method of incorporation, is to improve

their sustainability and durability . Wei et al.  evaluated Portland cement-based mortars’ durability with

micro-capsules manufactured by Microteklab and Micronal-BASF. Their results showed a reduction of approximately 25%

in the phase change enthalpy. Such a decrease was not ascribed to the microcapsules’ mechanical affectation during the

mixing process, but the chemical reactions with the sulfate ions. Moreover, this study shows how the chemical reaction

between PCM and ions does not affect the durability of the mortar.

3. PCM with Lightweight Aggregate

Another interesting method is observed in the literature available so far for including PCMs in the building materials is

incorporating PCM with lightweight aggregate (PCM-LWA). PCM can be added to concrete by shape-stabilized PCMs,

direct incorporation and immersion and encapsulation. This PCM compound’s manufacturing technique introduces the

PCM into the lightweight aggregate (pumice, perlite, expanded shale/clay, expanded slate, expanded perlite, expanded

vermiculite.). This technique is comparable to the shape stabilizing method, with some notable distinctions. In this case,

the support material is the lightweight aggregate; in contrast, the shape-stabilized PCMs are used powder materials (fine

aggregates), such as graphite powder or silica fume .

Vacuum impregnation and direct impregnation are the methods used to obtain PCM-LWA composite. In vacuum

impregnation, a pump is used to remove the air from the pore of LWA, enabling better absorption capacity of aggregates.

Memon et al.  reported that the absorption capacity of LWA using vacuum impregnation was 74%, in contrast with 18%

using direct immersion. However, analyzing this process seems complicated and time-consuming; this technique is

generally considered impractical .

There are some essential factors to obtain this PCM-LWA and for it to be considered as a constituent in mixing proportions

for mortars or concretes, such as the type of lightweight aggregate and its absorption capacity (porosity, pore size,

aggregate size and surface area, temperature and viscosity of liquid PCM), the method to impregnate, the materials for

coating and support, as well as characterization and performance testing.
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Numerous researchers  have proposed several porous aggregates as

PCM hosts, distinct impregnation processes and various coating and support materials. It was observed that porosity is

not the only measurable parameter for the PCM absorption capacity of LWAs. In addition, the pore and aggregate size

can affect this property. Nonetheless, Aguayo et al.  took the surface adsorption of small particles into account and

suggested removing particles finer than 150 mm from LWAs to prevent surface adsorption of PCMs in place of its

absorption into the LWAs pores. Moreover, researchers have proposed adding supporting materials and other coatings

(cement paste, silicone coating, bituminous emulsion, epoxy resin, graphite powder, silica fume) to moderate leakage

molten PCM and make thermal and mechanical properties of the PCM better. In mixture proportioning with Portland

cement, the gradual scape of PCM from pores of LWAs can make a difference to cement hydration reactions and

consequently affect the compressive strength of concrete .

Regarding the covering placed on the PCM-impregnated porous material particles, it has been found that a low thermal

conductivity of this can induce a short performance of the latent heat of the phase change within the encapsulation.

Therefore, two study approaches emerge to take advantage of the thermal storage capacity: (a) determine the optimal

thickness and area with which the aggregate should be covered, both to reduce damage in the mixing process and

improve thermal transfer; (b) use smaller particles on the cover. Calvet et al.  and Wang et al.  observed a reduction

in loading and unloading thermal energy time without affecting the capacity to store energy when graphite was

incorporated in the PCM. However, these results are not wholly replicable for mortar mixtures with particles of 5 to 10 mm

in diameter.

Other works such as that of Dumas et al. , Joulin et al.  and Sierra  report studies on the thermodynamic and

thermal transfer processes of materials with PCMs. Likewise, research such as that of Haurie et al.  reports the

flammability disadvantage of paraffin-based PCMs used in mortars and concretes under fire, despite their thermal

advantages over hydrated salt-based PCMs. The work of Sierra  shows a differential calorimetry analysis of an organic

PCM composed of butyl stearate and soy wax, which was vacuum impregnated in crushed pumice particles. In addition,

graphite powder was added to promote thermal conductivity. The work’s main objective was to evaluate the effect of

thermal conductivity and latent heat stored in samples with different percentages of graphite powder when they are

subjected to 100 work cycles with temperature variations using Peltier cells. The analysis showed that organic PCM-LWA

stores heat energy.

Several investigations  have already carried out microstructural analysis

(SEM, DSC, TGA and FTIR) of PCM-LWA and analysis of the thermo-mechanical properties (thermal performance,

thermal conductivity, compressive strength, shrinkage strain and effects of freezing and thawing cycles) of concretes and

mortars incorporating PCM. No matter the method of mixing PCMs in concrete, most of the research argues that it lowers

resistance to compression. Elsewhere , it has been reported that when the encapsulation

techniques for plain concrete are compared with others, the reduction in compressive strength of concrete incorporating

microcapsule may be ascribed to two factors: the significant disparity between the intrinsic strength of the microcapsules

and the concrete constituents and damage of microcapsules during mixing resulting in leakage of PCM. Due to these

reasons, macro-encapsulation with a strong shell is preferred.

As a result, it may be inferred that more research is needed to obtain a structural PCM-LWA concrete with useful

mechanical, thermal and heat storage properties, along with an understanding of their effects on the thermal and

mechanical behavior of PCM-LWA with different coatings and supporting materials.

References

1. Khudhair, A.M.; Farid, M.M. A review on energy conservation in building applications with thermal storage by latent heat
using phase change materials. Energy Convers. Manag. 2004, 45, 263–275.

2. Ventolà, L.; Vendrell, M.; Giraldez, P. Newly-designed traditional lime mortar with a phase change material as an
additive. Constr. Build. Mater. 2013, 47, 1210–1216.

3. Sharifi, N.P.; Mahboub, K.C. Application of a PCM-rich concrete overlay to control thermal induced curling stresses in
con-crete pavements. Constr. Build. Mater. 2018, 183, 502–512.

4. Dincer, I.; Rosen, M.A. Thermal energy storage. In Systems and Applications; John Wiley & Sons: Hoboken, NJ, USA,
2002.

5. Hadorn, J.C. Thermal Energy Storage for Solar and Low Energy Buildings; Universitat de Lleida: Lleida, Spain, 2005.

6. Paksoy, H.O. Thermal Energy Storage for Sustainable Energy Consumption: Fundamentals, Case Studies and Design;
Kluwer Academic Publishers Group: New York, NY, USA, 2007.

[70][71][77][78][79][80][72][74][76][81][82][83][84][85][86][87][88][89]

[76]

[70][71][77][78][79][80][72][74][76][81][82][83][84][85][86][87][88][89]

[90] [91]

[92] [93] [94]

[95][96]

[94]

[70][71][77][72][74][76][81][82][83][84][85][86][87][97][98][99][100]

[101][102][103][104][105][106][107]



7. Mehling, H.; Cabeza, L.F. Heat and cold storage with PCM. In An up to Date Introduction into Basics and Applications;
Springer: Berlin/Heidelberg, Germany, 2008.

8. Hasnain, S. Review on sustainable thermal energy storage technologies, Part I: Heat storage materials and
techniques. Energy Convers. Manag. 1998, 39, 1127–1138.

9. Farid, M.M.; Khudhair, A.M.; Razack, S.A.K.; Al-Hallaj, S. A review on phase change energy storage: Materials and
applications. Energy Convers. Manag. 2004, 45, 1597–1615.

10. Tyagi, V.V.; Buddhi, D. PCM thermal storage in buildings: A state of art. Renew. Sustain. Energy Rev. 2007, 11, 1146–
1166.

11. Cabeza, F.; Castell, A.; Barrenechea, C.; Gracia, A.d.; Fernández, A.I. Materials used as PCM in thermal energy
storage in buildings: A review. Renew. Sustain. Energy Rev. 2011, 15, 1675–1695.

12. Konuklu, Y.; Ostry, M.; Paksoy, H.O.; Charvat, P. Review on using microencapsulated phase change materials (PCM) in
building applications. Energy Build. 2015, 106, 134–155.

13. Kasaeian, A.; Bahrami, L.; Pourfayaz, F.; Khodabandeh, E.; Yan, W.-M. Experimental studies on the applications of
PCMs and nano-PCMs in buildings: A critical review. Energy Build. 2017, 154, 96–112.

14. Abhat, A. Low temperature latent heat thermal energy storage: Heat storage materials. Sol. Energy 1983, 30, 313–332.

15. Jamekhorshid, A.; Sadrameli, S.M.; Farid, M. A review of microencapsulation methods of phase change materials
(PCMs) as a thermal energy stor-age (TES) medium. Renew. Sustain. Energy Rev. 2014, 31, 531–542.

16. 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.

17. Lane, G.A.; Shamsundar, N. Solar Heat Storage: Latent Heat Materials, Vol. I: Background and Scientific Principles. J.
Sol. Energy Eng. 1983, 105, 467.

18. Garg, H.P.; Mullick, S.C.; Bhargava, A.K. Solar Thermal Energy Storage; Springer International Publishing: Cham,
Switzerland, 1985; pp. 154–291.

19. Cabeza, L.F. Storage techniques with phase change materials. In Thermal Energy Storage for Solar and Low Energy
Buildings; Universitat de Lleida: Lleida, Spain, 2005; pp. 77–105.

20. Mehling, H.; Cabeza, L.F.; Yamaha, M. Phase Change Materials: Application Fundamentals; Springer International
Publishing: Cham, Switzerland, 2007; pp. 279–313.

21. Sarı, A. Eutectic mixtures of some fatty acids for low temperature solar heating applications: Thermal properties and
thermal reliability. Appl. Therm. Eng. 2005, 25, 2100–2107.

22. Sari, A.; Kaygusuz, K. Thermal energy storage system using stearic acid as a phase change material. Sol. Energy
2001, 71, 365–376.

23. Sari, A.; Kaygusuz, K. Thermal performance of a eutectic mixture of lauric and stearic acids as PCM encapsulated in
the an-nulus of two concentric pipes. Sol. Energy 2002, 72, 493–504.

24. He, B.; Mari, E.; Sctterwall, F. Tetradecane and hexadecane binary mixtures as phase change materials (PCMs) for
cool storage in district cooling systems. Energy 1999, 24, 1015–1028.

25. He, B.; Setterwall, F. Technical grade paraffin waxes as phase change materials for cool thermal storage and cool
storage sys-tems capital cost estimation. Energy Convers. Manage. 2002, 43, 1709–1723.

26. He, B.; Martin, V.; Setterwall, F. Phase transition temperature ranges and storage density of paraffin wax phase change
materi-als. Energy 2004, 29, 1785–1804.

27. Choi, E.; Cho, Y.I.; Lorsch, H.G. Thermal analysis of the mixture of laboratory and commercial grades hexadecane and
tetrade-cane. Int. Commun. Heat Mass Transfer. 1992, 19, 1–15.

28. Suppes, G.J.; Goff, M.J.; Shailesh, L. Latent heat characteristics of fatty acid derivatives pursuant phase change
material applica-tions. Chem. Eng. Sci. 2003, 58, 1751–1763.

29. Yanbing, K.; Yinping, Z.; Yi, J.; Yingxin, Z. A General Model for Analyzing the Thermal Characteristics of a Class of
Latent Heat Thermal Energy Storage Systems. J. Sol. Energy Eng. 1999, 121, 185–193.

30. Lane, G.A. Solar Heat Storage: Latent Heat Materials, Technology; CRC Press Inc.: Boca Raton, FL, USA, 1986;
Volume II.

31. Baetens, R.; Jelle, B.P.; Gustavsen, A. Phase change materials for building applications: A state-of-the-art review.
Energy Build. 2010, 42, 1361–1368.



32. Gallart-Sirvent, P.; Martín, M.; Villorbina, G.; Balcells, M.; Solé, A.; Barrenche, C.; Cabeza, L.F.; Canela-Garayoa, R.;
Llop, M.M.; Noguera, G.V.; et al. Fatty acid eutectic mixtures and derivatives from non-edible animal fat as phase
change materials. RSC Adv. 2017, 7, 24133–24139.

33. Memon, S.A. Phase change materials integrated in building walls: A state of the art review. Renew. Sustain. Energy
Rev. 2014, 31, 870–906.

34. Kuznik, F.; David, D.; Johannes, K.; Roux, J.J. A review on phase changematerials integrated in building walls, Renew.
Sustain. Energy Rev. 2011, 15, 379–391.

35. Wang, X.; Zhang, Y.; Xiao, W.; Zeng, R.; Zhang, Q.; Di, H. Review on thermal performance of phase change energy
storage build-ing envelope. Chin. Sci. Bull. 2009, 54, 920–928.

36. Cui, Y.; Xie, J.; Liu, J.; Pan, S. Review of Phase Change Materials Integrated in Building Walls for Energy Saving.
Procedia Eng. 2015, 121, 763–770.

37. Regin, A.F.; Solanki, S.; Saini, J. Heat transfer characteristics of thermal energy storage system using PCM capsules: A
review. Renew. Sustain. Energy Rev. 2008, 12, 2438–2458.

38. Fan, L.W.; Fang, X.; Wang, X.; Zeng, Y.; Xiao, Y.Q.; Yu, Z.T.; Xu, X.; Hu, Y.C.; Cen, K.F. Effects of various carbon
nanofillers on the thermal con-ductivity and energy storage properties of paraffin-based nanocomposite phase change
materials. Appl. Energy 2013, 110, 163–172.

39. Babaei, H.; Keblinski, P.; Khodadadi, J.M. Improvement in thermal conductivity of paraffin by adding high aspect-ratio
car-bon-based nano-fillers. Phys. Lett. A 2013, 377, 1358–1361.

40. Li, M. A nano-graphite/paraffin phase change material with high thermal conductivity. Appl. Energy 2013, 106, 25–30.

41. Li, M.; Wu, Z.; Kao, H.; Tan, J. Experimental investigation of preparation and thermal performances of paraffin/bentonite
composite phase change material. Energy Convers. Manag. 2011, 52, 3275–3281.

42. Nourani, M.; Hamdami, N.; Keramat, J.; Moheb, A.; Shahedi, M. Thermal behavior of paraffin-nano-Al2O3 stabilized by
so-dium stearoyl lactylate as a stable phase change material with high thermal conductivity. Renew. Energy 2016, 88,
474–482.

43. Li, M.; Guo, Q.; Nutt, S. Carbon nanotube/paraffin/montmorillonite composite phase change material for thermal energy
storage. Sol. Energy 2017, 146, 1–7.

44. Zhang, H.; Sun, Q.; Yuan, Y.; Zhang, Z.; Cao, X. A novel form-stable phase change composite with excellent thermal
and elec-trical conductivities. Chem. Eng. J. 2018, 336, 342–351.

45. Sami, S.; Etesami, N. Improving thermal characteristics and stability of phase change material containing TiO2
nanoparticles after thermal cycles for energy storage. Appl. Therm. Eng. 2017, 124, 346–352.

46. Available online: (accessed on 11 January 2021).

47. Available online: (accessed on 11 January 2021).

48. Available online: (accessed on 11 January 2021).

49. Available online: (accessed on 11 January 2021).

50. Available online: (accessed on 11 January 2021).

51. Available online: (accessed on 11 January 2021).

52. Available online: (accessed on 11 January 2021).

53. 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.

54. Vicente, R.; Silva, T. Brick masonry walls with PCM macrocapsules: An experimental approach. Appl. Therm. Eng.
2014, 67, 24–34.

55. Giro-Paloma, J.; Martínez, M.; Cabeza, L.F.; Fernández, A.I. Types, methods, techniques, and applications for
microencapsulated phase change materials (MPCM): A review. Renew. Sustain. Energy Rev. 2016, 53, 1059–1075.

56. Alva, G.; Lin, Y.; Liu, L.; Fang, G. Synthesis, characterization and applications of microencapsulated phase change
materials in thermal energy storage: A review. Energy Build. 2017, 144, 276–294.

57. Fang, G.; Chen, Z.; Li, H. Synthesis and properties of microencapsulated paraffin composites with SiO2 shell as
thermal energy storage materials. Chem. Eng. J. 2010, 163, 154–159.

58. Tyagi, V.V.; Kaushik, S.C.; Tyagi, S.K.; Akiyama, T. Development of phase change materials based microencapsulated
technology for buildings: A review. Renew Sustain. Energy Rev. 2011, 15, 1373–1391.



59. Zhao, C.Y.; Zhang, G.H. Review on microencapsulated phase change materials(MEPCMs): Fabrication,
characterization and ap-plications. Renew. Sustain. Energy Rev. 2011, 15, 3813–3832.

60. Ghosh, S.K. Functional Coatings and Microencapsulation: A General Perspective; Wiley: New York, NY, USA, 2006; pp.
1–28.

61. Boh, B.; Šumiga, B. Microencapsulation technology and its applications in building construction materials Tehnologija
mikrokapsuliranja in njena uporaba v gradbenih materialih. RMZ Mater. Geoenviron. 2008, 55, 329–344.

62. Hawlader, M.; Uddin, M.; Khin, M.M. Microencapsulated PCM thermal-energy storage system. Appl. Energy 2003, 74,
195–202.

63. Al-Shannaq, R.; Kurdi, J.; Al-Muhtaseb, S.; Dickinson, M.; Farid, M. Supercooling elimination of phase change
materials (PCMs) microcapsules. Energy 2015, 87, 654–662.

64. Alam, M.; Zou, P.X.; Sanjayan, J.; Ramakrishnan, S. Energy saving performance assessment and lessons learned from
the oper-ation of an active phase change materials system in a multi-storey building in Melbourne. Appl. Energy 2019,
238, 1582–1595.

65. Dutil, Y.; Rousse, D.; Lassue, S.; Zalewski, L.; Joulin, A.; Virgone, J.; Kuznik, F.; Johannes, K.; Dumas, J.-P.;
Bedecarrats, J.-P.; et al. Modeling phase change materials behavior in building applications: Comments on material
characterization and model validation. Renew. Energy 2014, 61, 132–135.

66. Eddhahak-Ouni, A.; Drissi, S.; Colin, J.; Neji, J.; Care, S. Experimental and multi-scale analysis of the thermal
properties of Portland cement concretes embedded with microencapsulated Phase Change Materials (PCMs). Appl.
Therm. Eng. 2014, 64, 32–39.

67. Lecompte, T.; Le Bideau, P.; Glouannec, P.; Nortershauser, D.; Le Masson, S. Mechanical and thermo-physical
behaviour of concretes and mortars containing phase change material. Energy Build. 2015, 94, 52–60.

68. Salunkhe, P.B.; Shembekar, P.S. A review on effect of phase change material encapsulation on the thermal
performance of a system. Renew. Sustain. Energy Rev. 2012, 16, 5603–5616.

69. Wei, Z.; Falzone, G.; Wang, B.; Thiele, A.; Puerta-Falla, G.; Pilon, L.; Neithalath, N.; Sant, G. The durability of
cementitious composites containing microencapsulated phase change materials. Cem. Concr. Compos. 2017, 81, 66–
76.

70. Memon, S.A.; Cui, H.; Zhang, H.; Xing, F. Utilization of macro encapsulated phase change materials for the
development of thermal energy storage and structural lightweight aggregate concrete. Appl. Energy 2015, 139, 43–55.

71. Memon, S.A.; Cui, H.; Lo, T.Y.; Li, Q. Development of structural–functional integrated concrete with macro-
encapsulated PCM for thermal energy storage. Appl. Energy 2015, 150, 245–257.

72. Sakulich, A.R.; Bentz, D.P. Incorporation of phase change materials in cementitious systems via fine lightweight
aggregate. Constr. Build. Mater. 2012, 35, 483–490.

73. Wen, R.; Zhang, X.; Huang, Y.; Yin, Z.; Huang, Z.; Fang, M.; Liu, Y.G.; Wu, X. Preparation and properties of fatty acid
eutectics/expanded perlite and expanded vermiculite shape-stabilized materials for thermal energy storage in buildings.
Energy Build. 2017, 139, 197–204.

74. Kastiukas, G.; Zhou, X.; Castro-Gomes, J. Development and optimisation of phase change material-impregnated
lightweight aggregates for geopolymer composites made from aluminosilicate rich mud and milled glass powder.
Constr. Build. Mater. 2016, 110, 201–210.

75. Karaipekli, A.; Sarı, A. Development and thermal performance of pumice/organic PCM/gypsum composite plasters for
thermal energy storage in buildings. Sol. Energy Mater. Sol. Cells 2016, 149, 19–28.

76. Aguayo, M.; Das, S.; Castro, C.; Kabay, N.; Sant, G.; Neithalath, N. Porous inclusions as hosts for phase change
materials in cementitious composites: Characterization, thermal performance, and analytical models. Constr. Build.
Mater. 2017, 134, 574–584.

77. Cui, H.; Memon, S.A.; Liu, R. Development, mechanical properties and numerical simulation of macro encapsulated
thermal energy storage concrete. Energy Build. 2015, 96, 162–174.

78. Min, H.W.; Kim, S.; Kim, H.S. Investigation on thermal and mechanical characteristics of concrete mixed with shape
stabi-lized phase change material for mix design. Constr. Build. Mater. 2017, 149, 749–762.

79. Li, X.; Sanjayan, J.G.; Wilson, J.L. Fabrication and stability of form-stable diatomite/paraffin phase change material
composites. Energy Build. 2014, 76, 284–294.

80. Li, C.; Yu, H.; Song, Y. Experimental investigation of thermal performance of microencapsulated PCM-contained
wallboard by two measurement modes. Energy Build. 2019, 184, 34–43.



81. Kheradmand, M.; Castro-Gomes, J.; Azenha, M.; Silva, P.D.; de Aguiar, J.L.; Zoorob, S.E. Assessing the feasibility of
impregnating phase change materials in lightweight aggregate for development of thermal energy storage systems.
Constr. Build. Mater. 2015, 89, 48–59.

82. Nepomuceno, M.C.; Silva, P.D. Experimental evaluation of cement mortars with phase change material incorporated
via lightweight expanded clay aggregate. Constr. Build. Mater. 2014, 63, 89–96.

83. Sharifi, N.P.; Sakulich, A. Application of phase change materials to improve the thermal performance of cementitious
material. Energy Build. 2015, 103, 83–95.

84. Farnam, Y.; Esmaeeli, H.S.; Zavattieri, P.D.; Haddock, J.; Weiss, J. Incorporating phase change materials in concrete
pavement to melt snow and ice. Cem. Concr. Compos. 2017, 84, 134–145.

85. Yao, C.; Kong, X.; Li, Y.; Du, Y.; Qi, C. Numerical and experimental research of cold storage for a novel expanded
perlite-based shape-stabilized phase change material wallboard used in building. Energy Convers. Manag. 2018, 155,
20–31.

86. Suttaphakdee, P.; Dulsang, N.; Lorwanishpaisarn, N.; Kasemsiri, P.; Posi, P.; Chindaprasirt, P. Optimizing mix
proportion and properties of lightweight concrete incorporated phase change material paraffin/recycled concrete block
composite. Constr. Build. Mater. 2016, 127, 475–483.

87. Ramakrishnan, S.; Sanjayan, J.; Wang, X.; Alam, M.; Wilson, J. A novel paraffin/expanded perlite composite phase
change material for prevention of PCM leakage in cementitious composites. Appl. Energy 2015, 157, 85–94.

88. Bentz, D.P.; Turpin, R. Potential applications of phase change materials in concrete technology. Cem. Concr. Compos.
2007, 29, 527–532.

89. Castro, J.; Keiser, L.; Golias, M.; Weiss, J. Absorption and desorption properties of fine lightweight aggregate for
application to internally cured concrete mixtures. Cem. Concr. Compos. 2011, 33, 1001–1008.

90. Calvet, N.; Py, X.; Olives, R.; Bedecarrats, J.-P.; Dumas, J.-P.; Jay, F. Enhanced performances of macro-encapsulated
phase change materials (PCMs) by intensification of the internal effective thermal conductivity. Energy 2013, 55, 956–
964.

91. Wang, Z.; Qi, R.; Wang, J.; Qi, S. Thermal conductivity improvement of epoxy composite filled with expanded graphite.
Ceram. Int. 2015, 41, 13541–13546.

92. Dumas, J.-P.; Gibout, S.; Zalewski, L.; Johannes, K.; Franquet, E.; Lassue, S.; Bédécarrats, J.-P.; Tittelein, P.; Kuznik,
F. Interpretation of calorimetry experiments to characterise phase change materials. Int. J. Therm. Sci. 2014, 78, 48–
55.

93. Joulin, A.; Zalewski, L.; Lassue, S.; Naji, H. Experimental investigation of thermal characteristics of a mortar with or
without a micro-encapsulated phase change material. Appl. Therm. Eng. 2014, 66, 171–180.

94. Sierra Reveles, J.C. Desarrollo de Mortero con Material de Cambio de Fase para Modificar el Coeficiente de
Transferencia de Calor por Conducción. Tesis de Maestría, División de Investigación y Posgrado, Facultad de
Ingeniería; Universidad Auto-noma de Queretaro: Queretaro, Mexico, 2018.

95. Haurie, L.; Mazo, J.; Delgado, M.; Zalba, B. Fire behaviour of a mortar with different mass fractions of phase change
material for use in radiant floor systems. Energy Build. 2014, 84, 86–93.

96. Haurie, L.; Serrano, S.; Bosch, M.; Fernandez, A.I.; Cabeza, L.F. Single layer mortars with microencapsulated PCM:
Study of physical and thermal properties, and fire behaviour. Energy Build. 2016, 111, 393–400.

97. 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.

98. He, Y.; Zhang, X.; Zhang, Y. Preparation technology of phase change perlite and performance research of phase
change and temperature control mortar. Energy Build. 2014, 85, 506–514.

99. Ramakrishnan, S.; Wang, X.; Sanjayan, J.; Wilson, J. Assessing the feasibility of integrating form-stable phase change
material composites with cementitious composites and prevention of PCM leakage. Mater. Lett. 2017, 192, 88–91.

100. Ramakrishnan, S.; Wang, X.; Sanjayan, J.; Petinakis, E.; Wilson, J. Development of thermal energy storage
cementitious composites (TESC) containing a novel paraffin/hydrophobic expanded perlite composite phase change
material. Solar Energy 2017, 158, 626–635.

101. 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.

102. Zhang, D.; Li, Z.; Zhou, J.; Wu, K. Development of thermal energy storage concrete. Cem. Concr. Res. 2004, 34, 927–
934.



103. Zhang, D.; Zhou, J.; Wu, K.; Li, Z. Granular phase changing composites for thermal energy storage. Sol. Energy 2005,
78, 471–480.

104. Li, J.; He, L.; Liu, T.; Cao, X.; Zhu, H. Preparation and characterization of PEG/SiO2 composites as shape-stabilized
phase change materials for thermal energy storage. Sol. Energy Mater. Sol. Cells 2013, 118, 48–53.

105. Xu, B.; Ma, H.; Lu, Z.; Li, Z. Paraffin/expanded vermiculite composite phase change material as aggregate for
developing lightweight thermal energy storage cement-based composites. Appl. Energy 2015, 160, 358–367.

106. Chung, O.; Jeong, S.-G.; Kim, S. Preparation of energy efficient paraffinic PCMs/expanded vermiculite and perlite
composites for energy saving in buildings. Sol. Energy Mater. Sol. Cells 2015, 137, 107–112.

107. Jayalath, A.; Nicolas, R.S.; Sofi, M.; Shanks, R.; Ngo, T.; Aye, L.; Mendis, P. Properties of cementitious mortar and
concrete containing micro-encapsulated phase change materials. Constr. Build. Mater. 2016, 120, 408–417.

Retrieved from https://encyclopedia.pub/entry/history/show/19588


