
   

 

                                                                                                                                                                              
 

The Strategy of Using PCMs in Building Sector Applications 

Ruaa M. Ismail 1, *, Naglaa A. Megahed 2, Sara Eltarabily 3 

1 Architecture and Urban Planning Department, Faculty of Engineering, Port Said University, Port Said, Egypt, email: roaa.ismail@eng.psu.edu.eg 

2 Architecture and Urban Planning Department, Faculty of Engineering, Port Said University, Port Said, Egypt, email: naglaaali257@hotmail.com 

3 Architecture and Urban Planning Department, Faculty of Engineering, Port Said University, Port Said, Egypt, email: 

sara_eltarabily@eng.psu.edu.eg 

*Corresponding author, roaa.ismail@eng.psu.edu.eg, DOI: 10.21608/PSERJ.2022.135558.1185 

 

 

 

Received 23-4-2022,  

Revised 02 -5- 2022,  

Accepted 5-6 -2022 

 

© 2022 by Author(s) and PSERJ.  

 

This is an open access article 
licensed under the terms of the 

Creative Commons Attribution 

International License (CC BY 
4.0). 

http://creativecommons.org/licen

ses/by/4.0/ 

 

 

ABSTRACT 
With the recent large increase in the building sector's energy use to provide thermal 

comfort to consumers, the restrictions of climate change, and the scarcity of energy 

supplies, there has been a need to develop ways to reduce energy consumption. The use of 

phase change materials (PCMs) as a thermal energy storage (TES) system has attracted a 

lot of attention as a technique to improve thermal performance, conserve energy, and 

improve occupant comfort. When storing energy via phase change, the key advantage in 

terms of building materials is the higher energy density, which indicates that more energy 

can be stored in a constant volume. This study focuses on the vital role of PCMs in 

building applications by presenting the different classifications of PCMs as well as their 

integration techniques, systems, and benefits for building applications. Different case 

studies for full scale buildings are presented. A design strategy is concluded for integrating 

PCMs in buildings. 

Keywords:  Phase change material (PCM), Thermal energy storage, Building application, 

PCM systems, Design strategy. 

 

Abbreviations 

PCM Phase Change Material 

TES Thermal Energy Storage 

UHI Urban Heat Island 

PCHCM Phase Change Humidity Control Material 

PV Photovoltaic  

AC Air Conditioning 

1.INTRODUCTION 

Energy and environment are two of the most important 

issues that humanity is facing today. Industrial 

improvements and population expansion have resulted in 

a tremendous increase in energy consumption over 

several centuries [1]. Concerns about climate change 

have prompted further research into energy-efficient 

alternatives [2]. The energy consumption of the building 

sector is increasing as the economy grows and the 

demand for interior thermal comfort rises [3-5]. 

Accordingly, architects and engineers should explore 

strategies to minimize the amount of fossil fuels used in 

building design for heating and cooling [6]. Many 

solutions for improving thermal comfort have already 

been implemented, including shading, courtyards, green 

roofs, natural ventilation, mass creation, and thermal 

energy storage (TES) [7-14]. 

TES has received considerable attention in recent 

decades [2] because TES systems have the potential to 

store spare energy and release it when there is a shortage, 

thereby bridging the gap between energy supply and 

demand [2, 15]. The systems are classified into three 

categories as shown in Figure 1. 

 

Figure 1. Classification of Thermal Energy Storage 

Systems. Source: Authors based on [16]. 

One of the most efficient ways to store thermal energy 

is by latent heat storage via phase change materials 

(PCMs). When compared with sensible heat storage, 

 

PORT SAID ENGINEERING RESEARCH JOURNAL 

Faculty of Engineering  - Port Said University  

Volume 26 No. 3 pp: 1-12 

 

 

mailto:roaa.ismail@eng.psu.edu.eg
mailto:naglaaali257@hotmail.com
mailto:sara_eltarabily@eng.psu.edu.eg
mailto:roaa.ismail@eng.psu.edu.eg
https://dx.doi.org/10.21608/pserj.2022.135558.1185
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


2 

 

PCM has a larger heat storage capacity and more 

isothermal behavior during charging and discharging 

[17]. Moreover, in thermochemical process at ambient 

temperature, the two components are kept separate. As a 

result, this method of TES is more suited to long-term 

storage, such as seasonal storage. 

The utilization of PCMs is based on a basic idea. The 

material turns from solid to liquid as the temperature 

rises. The PCM absorbs heat since the process is 

endothermic. Similarly, when the temperature drops, the 

material transitions from a liquid to a solid state. The 

PCM desorbs heat since the process is exothermic [18].  

This study addresses the idea of using PCMs in 

building applications, their classifications, properties, 

integration techniques, benefits, systems, and full-scale 

case studies. Finally, summarizing a design strategy for 

integrating PCMs in building applications. 

2. PCM CLASSIFICATIONS AND 

PROPERTIES 

Based on the chemical composition, three primary 

classifications of PCMs can be incorporated into 

building materials [1, 19]. Incorporating organic, 

inorganic, and eutectics types of PCMs involves four 

techniques like direct, immersion, encapsulation, and 

shape stabilization [20]. Some properties of PCMs like 

thermodynamic, chemical, kinetic, and economic are 

desired to be employed in the applications in buildings 

[21]. Moreover, various physical phenomena of PCMs 

like melting temperature, supercooling effect, etc. are 

recommended to be evaluated when considering the 

effectiveness of applications in buildings (see  

 

Table 1). 

 

Table 1. PCM classifications, properties, and 

integration techniques. Source: Authors based on [1, 

19-24]. 

PCMs Notes 

C
la

ss
if

ic
a

ti
o

n
 

Organic Paraffin, Non-Paraffin 

Inorganic Salt Hydrate, Metallics 

Eutectics Organic-Organic, Organic-

Inorganic, Inorganic-Organic 

P
h

y
si

ca
l 

P
h

en
o

m
en

a
 

Melting 

Temperature 

The temperature of phase 

transformation 

Supercooling 

Effect 

The phenomenon which the 

liquid doesn’t solidify or 

crystallize, even its 

temperature is lower than the 

freezing point  

Thermal Life 

Cycle 

Number of repeated cycles 

(solidification/melting) 

before the decrease in PCM 

thermal properties occur  

Long-Term Depends on two factors: 

PCMs Notes 

Stability poor material stability owing 

to thermal cycling and PCM 

corrosion with the container. 

Segregation Effect Process irreversible, making 

their storage density 

decreases with cycling and 

causing a decrease in their 

thermal properties 

Flammability Fire retardant additives can 

be added. 

Compatibility 

with Other 

Materials 

Compatibility tests are 

carried out under typical 

circumstances for the 

planned application. 

Appropriate material 

combinations are selected 

from their outcomes  

D
es

ir
ed

 P
ro

p
er

ti
es

 f
o

r 
B

u
il

d
in

g
 

A
p

p
li

ca
ti

o
n

s 

Thermodynamic 

Properties 

-High latent heat of fusion, 

thermal conductivity, and 

high specific heat. 

-Small change in volume  

-Congruent melting 

Chemical 

Properties 

Chemical stability, full 

reversible cycle,  

No degradation Non-

corrosiveness, Non-toxic,  

Non-flammable 

Kinetic Properties -High rate of nucleation, 

crystal growth. 

Economic 

Properties 

effective cost and 

availability 

In
te

g
ra

ti
o

n
 T

ec
h

n
iq

u
es

 

Direct directly add liquid or 

powdered PCMs to 

construction materials 

Immersion construction materials are 

immersed in melted PCMs 

and then absorbed into their 

inner pores 

Encapsulation 

(micro-macro) 

PCM is packed before 

integration 

Shape 

Stabilization 

A mixture of a liquid PCM 

and a supporting material 

3. BENEFITS OF USING PCMS IN 

BUILDING APPLICATIONS 

The usage of PCMs in buildings provides improved 

indoor thermal comfort for residents by minimizing 

interior temperature swings and decreasing total energy 

consumption due to load reduction. TES systems provide 

the advantage of controlling energy through storage as 

well as lowering the consumption of fossil fuels, which 

are the primary source of CO2. Furthermore, the 

construction sector relates to the urban heat island (UHI) 

phenomenon, which causes higher surface and air 

temperatures in metropolitan areas. The purpose of 

installing PCMs in a building is to lower and manage the 
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power demand for heating and cooling by practically 

reducing the maximum thermal load on the building [25, 

26].  

3.1. Enhancing Thermal Comfort 

PCMs have the potential for being employed in current 

construction materials to help regulate interior 

temperature fluctuations and improve thermal comfort 

[25]. For instance, temperature variations are minimized 

when PCMs are installed. The emphasis should be on 

choosing a PCM that melts/freezes at the correct 

temperature so that temperatures remain constant around 

the comfort temperature. This improves the interior 

environment in two ways. First, the temperature is more 

stable throughout the day, thereby decreasing sensations 

of thermal discomfort caused by temperature 

fluctuations. Second, the maximum temperature is 

lowered, and it will not reach a level that causes greater 

thermal discomfort. Another advantage of PCMs is that 

they may result in a more consistent temperature 

between surfaces and air temperatures, decreasing 

thermal discomfort caused by radiative heat [27] (see 

Figure 2). 

Moreover, temperature stability and control for 

temporary constructions can be provided by PCMs, 

which is an excellent approach in crisis situations such as 

the Covid-19 pandemic [28]. 

 

 

Figure 2. Effect of PCM integration on thermal 

comfort. Source: Authors based on [29]. 

 

Inside-building air quality has a significant impact on 

human comfort, and this is a major post-pandemic 

concern [30]. The humidity level is known to impact 

indoor air quality, specifically virus survival and 

dissemination, as well as other important qualities for 

residents, such as sleep quality and probable eye and 

airway discomfort [31, 32]. 

Phase change humidity control material (PCHCM) is a 

novel type of composite that combines high-performance 

PCM microcapsules with hygroscopic materials to 

manage humidity [33]. By absorbing and releasing heat 

and moisture, the PCHCM composite can control the 

hygrothermal environment indoors [34]. Hygroscopic 

materials can absorb and desorb moisture and behave as 

sponges. When the interior air humidity rises, these 

porous materials may absorb water vapor from the air, 

slowing the rate of increase in the indoor humidity. 

When the interior air humidity drops, it releases the 

water vapor to maintain the indoor humidity [35]. 

3.2. Energy Saving 

The rapid expansion of the construction sector is 

estimated to contribute to an increase in energy 

consumption. Heating and cooling accounts for over a 

quarter of all energy consumed in buildings worldwide. 

Therefore, one of the most difficult contemporary issues 

in sustainable development is energy conservation. The 

heat transmission of the building envelope results in 

significant heat loss, and in response, researchers are 

focusing on energy saving enclosure structure 

technologies [36, 37]. By using PCMs, excess heat and 

cold can be stored in buildings by enhancing their 

thermal inertia, the immediate cooling and heating loads 

encountered in these structures can be reduced, and, as a 

result, the energy consumption of mechanical heating 

and cooling systems can be lowered [38].  According to 

studies, PCMs may store 5–14 times more heat per unit 

volume than sensible heat storage materials [39].  

Active TES techniques have a large initial investment. 

Because of this, in order to maximize the energy savings 

during operation, an appropriate control strategy must be 

used. By using such automation, it is possible to cut 

operational expenses and energy consumption while also 

contributing to climate and environmental preservation 

without losing comfort [39, 40]. 

3.3. Peak Load Shifting 

The demand for electricity changes through the day 

and night, depending on industrial, commercial, and 

residential activity. This change results in a varied 

pricing scheme between peak and off-peak periods, 

which are typically from midnight to early hours of the 

morning [41]. The highest demand over a billing cycle is 

known as peak demand or peak load, and it varies 

depending on the building type. Peak loads during the 

day strain the electrical grid and necessitate the sizing of 

heating, ventilation, and air conditioning systems to 

accommodate higher heating or cooling loads. This 

requires constructing additional power generation 

facilities. The peak load can be distributed during the 

day, minimizing the highest peaks, by moving the peak 

load away from peak hours of electrical demand using 

PCMs [27]. 

 Figure 3 explains how using PCMs can minimize and 

shift the peak due to temperature reduction. This shift in 

power demand from peak to off-peak hours will result in 

considerable financial savings. The development of an 

energy storage system might be one solution to the 

problem of power supply and demand: surplus energy 
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will be stored in energy storage devices until needed. 

[41]. 

 

Figure 3. The effect of indoor temperature differences 

with and without PCM on energy savings [42]. 

3.4. Mitigating the UHI Effect  

Owing to heat storage and release in buildings, 

increased concrete coverings, population growth, and 

heat sources created in urban areas, UHI phenomena 

occurs, resulting in a greater temperature in core sections 

of cities than in suburban regions. Traditional methods to 

minimizing UHI include increasing the reflectivity of 

buildings and roadways, as well as adding additional 

green areas, wind paths, and water space. [43]. 

Building roofs can be enclosed with PCM, which 

could help with thermal balancing. These materials 

receive solar and infrared light and release some of the 

accumulated thermal energy into the atmosphere via 

convective and radiative processes. This is accomplished 

through PCM impacting the surface temperature rather 

than the roof's thermal resistance [44] (see Figure 4). 

Moreover, the UHI effect and thermal distresses in 

concrete pavements are caused by higher pavement 

temperatures. One of the potential solutions to lower this 

temperature is to use PCM [45].  

 
Figure 4. Mitigating the UHI effect by PCM-roof 

:(left) without PCM and (right) with PCM. Source: 

Authors based on [46]. 

 

 

 

 

4.PCM SYSTEMS 

PCMs can be integrated with different systems in a 

passive or active way. Figure 5 shows different PCM 

systems. 

 

 
 

Figure 5. Different PCM Systems. 

4.1. PCM-Building Envelope 

Generally, the building envelope consists of materials 

such as bricks, cement, and concrete that store thermal 

energy in a sensible form. To absorb, store, and release 

heat energy in the structures, all these materials employ 

sensible heat storage strategies [47].  

The PCM is generally installed in a passive or active 

design in the building envelope. Heat transmission 

during melting and solidification occurs spontaneously in 

passive applications; however, the active approach 

requires active methods, such as fans and pumps, to 

improve the heat transfer rate during phase transition or 

generate additional heat, such as solar collectors. The 

passive pattern has been tested in various climates and 

has been shown to significantly reduce building energy 

use during the day [48-50]. 

Because of their reasonable efficiency, affordability, 

and ease of use, PCM-building envelopes remain of 

interest among available PCM systems [51]. Figure 6 

shows different building components for envelope 

system. 

4.2. PCM-Night Ventilation 

To fully utilize PCM’s capacity, it must be fully 

charged and discharged at each cycle. This means that 

the PCM should solidify overnight in order to absorb 

heat the next day. PCM is usually installed on the inner 

surface of the building envelope to regulate the 

temperature of the indoor environment. As a result, it 

may not fully solidify at night, and then there will be no 

significant energy savings. For this, night ventilation is a 

useful technique that can be used in conjunction with 

PCM-enhanced structures to charge the PCM at night 

(see Figure 7) [67]. 
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Figure 6. PCM envelope system components source: The authors adopted from [19, 52-66].

 
Figure 7. PCM-Night ventilation system. 

4.3. PCM-Free Cooling 

Free cooling technology requires a storage unit that 

stores the thermal energy either by varying the storage 

medium’s internal energy (sensible heat storage), 

varying the storage material phase (latent heat storage), 

or both [68]. The main advantages are cooling with 

greenhouse gas reduction and the excellent maintenance 

of indoor air quality inside the building. Since the 

difference in temperature between day indoors and night 

outdoors is small, the best storage option is PCM [69] 

(see Figure 8). 

 

 
Figure 8. (left) Cooling of PCM at night and (right) 

Cooling of building during the day. Source: Authors 

based on [70, 71]. 

4.4. PCM-Air Conditioning 

PCM in an air conditioning (AC) system might 

considerably reduce cooling load, allowing for the use of 

AC with reduced power sizes [72]. PCMs are usually 

integrated with AC as flat plates, double tube storage, or 

spherical capsule units [73] (see Figure 9). Latent heat 

TES might be employed in a chilled water circuit, 

ventilation system, or the thermal power generation of 

desiccant cooling and absorption systems in an air 

conditioning system [74]. 

 
 

Figure 9. Configurations of integrating PCM in an 

AC system: a) flat plate, b) double tube, c) spherical 

capsule, and d) shell and tube. Source: Authors based 

on [73]. 
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4.5. PCM-Solar Cooling 

The main drawback of solar energy is the mismatch 

between energy demand and supply since it is time 

dependent. As a result, when energy is accessible but not 

allocated to any operation, TES may become an 

important issue [75, 76]. PCMs are commonly utilized to 

store thermal energy in renewable energy technologies, 

particularly solar systems, until it is needed. For 

example, Sudhakar, et al. [77] evaluated the performance 

of solar photovoltaic panel with PCM integrated natural 

water circulation cooling method. Results showed an 

improvement in the power output performance (see 

Figure 10). 

 

Figure 10. Solar PV-PCM with water cooling. 

Source: Authors based on [77]. 

4.6. PCM-Active Heating 

Renewable energies, such as solar, ambient air, and 

geothermal energy, have the drawback of fluctuating 

outputs, which means they may not be able to meet 

energy demands while buildings are in use. One major 

technique for addressing this problem is to employ TES 

devices (e.g., PCM), which can store renewable energy 

when it is abundant and release it when it is in short 

supply to meet building energy demands [78, 79] (see 

Figure 11). 

 

 
Figure 11. Building systems with PCMs for active 

heating purposes [53]. 

 

 

 

 
Table 2. Full scale building case studies with PCMs. 

Case 

Study 

Building 

Type 

Location/ 

Climate 

PCM Type/ 

Temperature/ 

Integration 

 

PCM 

Compo

nent 

PCM 

Effect 
Outcomes Ref. 

E3 House Residential 

Italy, 

Humid 

Subtropical 

Temperate 

Paraffin, 

23°C, 

Micro-

encapsulation 

Wall 
Heating, 

Cooling 

E3 house is below the 

value of energy needed 

for heating for similar 

buildings by more than 10 

times. 

[80] 

Oak Ridge 

House 
Residential 

U.S., 

Humid 

Subtropical 

Non-paraffin 

27.5°C 

Micro-

encapsulation 

Insulatio

n 
Cooling 

Reduction in cooling load 

by about 5% 
[81] 

BASF 

House 
Residential 

England, 

Temperate 

Oceanic 

Paraffin 

23°C 

Micro-

encapsulation 

Ceiling Heating 

By combining PCM with 

other passive methods, the 

actual measured energy 

consumption is 12.5 

kWh/m2/year 

[82] 

Kingspan 

Lighthouse 
Residential 

U.K., 

Temperate 

Oceanic 

Paraffin 

23°C 

Micro-

encapsulation 

Ceiling Cooling 

The Lighthouse's energy 

efficiency is considerably 

higher than that suggested 

by the conventional 

evaluation protocol. 

[83] 
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Case 

Study 

Building 

Type 

Location/ 

Climate 

PCM Type/ 

Temperature/ 

Integration 

 

PCM 

Compo

nent 

PCM 

Effect 
Outcomes Ref. 

Academic 

Office 

Charles 

Sturt 

University 

 

Office 

Australia 

Humid 

Subtropical 

Paraffin 

23°C 

Micro-

encapsulation 

Wall- 

Floor 

Cooling, 

Heating 

The production of carbon 

dioxide and energy 

consumption reduced by 

65% in comparison with 

equivalent traditional 

office buildings. 

[84] 

New 

Hampshire 

Middle 

School 

Educational 

U.S., 

Warm 

Summer 

continental 

 

Salt hydrate 

21.6°C 

Macro-

encapsulation 

Ceiling 
Cooling, 

Heating 

There was a 56% 

reduction in fan use for 

heating (run time of 

HVAC) and a 

58% reduction in cooling 

runtime. 

[85] 

Bank 

Rolling 

Hills 

Administrat

ive 

U.S., 

Hot 

summer 

Mediterran

ean 

Non-paraffin 

--- 

Macro-

encapsulation 

Ceiling 
Cooling, 

Heating 

A significant decrease of 

about 26% (30,000 

kWh/yr) was observed in 

raw HVAC current 

consumption. 

[86] 

Senior 

Citizen’s 

Apartment 

Residential 

Switzerland, 

Hot summer 

humid 

continental 

Salt hydrate 

26°C–28°C 

Macro-

encapsulation 

Glazing 

system 
Heating 

In winter, PCMs operate 

as a suitable solar wall, 

storing heat from incident 

solar radiation and 

releasing it at night, 

ensuring great 

environmental comfort. 

With a minimum 

temperature of 24°C. 

In summer, the maximum 

temperature is 27°C 

[87, 

88] 

University 

of 

Washingto

n 

Educational 

U.S., 

Mediterrane

an 

Non-paraffin 

21°C–25°C 

Macro-

encapsulation 

Walls-

Floors 

Cooling, 

Heating 

The results allowed for 

uninstalling the air 

conditioning. Energy 

savings were estimated at 

$70,000 per year. 

[86] 

TrekHaus Residential 

U.S., 

Humid 

subtropical 

Non-paraffin 

25°C 

Macro-

encapsulation 

Walls-

Ceiling 

Cooling, 

Heating 

There was a 50% 

reduction in HVAC 

consumption in the unit 

with PCM. 

[89] 

5.FULL SCALE PCM-BUILDING CASE 

STUDIES 

The majority of studies on integrating PCMs into 

buildings are numerical with the use of different 

simulation tools like EnergyPlus, TRNSYS, ANSYS 

Fluent, and COMSOL Multiphysics, or by creating 

experimental prototypes. However, some case studies for 

full scale buildings with PCMs are shown in Table 2 to 

prove the influence of PCMs. It's worth noting that all 

cases include a PCM-building envelope system with 

different components.  

6. DISCUSSION 

The case studies' outcomes indicate that using PCMs 

in buildings have a positive impact on energy usage for 

cooling and heating while also enhancing interior 

temperatures. 

Among organic, inorganic, and eutectic PCMs, organic 

PCMs are the most commonly used (both paraffin and 

non-paraffin), according to case studies of building field 

testing. Taking into account climate circumstances, PCM 

melting temperature ranges from 21°C to 28°C. The 

encapsulation method, which includes both micro and 
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macro encapsulation, is the most frequently used of the 

integration techniques. The outcomes indicate that PCMs 

can increase thermal comfort while lowering energy 

consumption. 

Based on the analyses of various cases, a design strategy 

for integrating PCMs in building applications is 

summarized in Figure 12 There are five main parts to 

this strategy: 
 First, begin with the PCM type, which falls into 

one of the following three categories: organic, 

inorganic, and eutectics, with organic PCM 

being the most common. 

 Second, select the melting temperature of PCM, 

which is primarily determined by two factors: 

climate and the building system selected. 

 Third, implement integration techniques, which 

are mainly divided into four categories, with 

encapsulation techniques being preferred to 

overcome leakage issues and prevent 

reactions to the outside environment. 

 Fourth, choose a building system, which 

includes a range of alternatives, with the 

building envelope system being most 

prevalent. 

 Finally, conduct a verification with 

experimental prototypes or simulation tools 

such as EnergyPlus, ANSYS Fluent, 

TRNSYS, and COMSOL Multiphysics. This 

step is crucial to ensure the correct choice of 

PCM properties, melting temperature, and 

thicknesses because each case study has its 

own unique set of conditions.  

 
Figure 12. Design strategy for integrating PCMs. 

7. CONCLUSION 

This study presents the vital role of PCMs in building 

applications to improve thermal comfort, energy saving, 

and other benefits. The following points can be 

concluded: 

 It is possible to integrate PCMs into passive and 

active systems in buildings, giving preference to 

the building envelope system. 

 PCM use in different applications showed great 

potential in terms of improving thermal comfort 

either in cooling or heating, energy savings, 

peak load shifting, and mitigating the UHI 

effect with various integration techniques and 

building systems, making it an effective and 

innovative material to be used in buildings. 

 PCMs can be integrated within different 

building components such as walls, floors, 

roofs, facades, and solar chimneys. 

 Some PCM-building components can be used in 

building retrofitting. 

 It is possible to use two or more PCM-building 

components together. 

 Encapsulation techniques are the most 

appropriate and safe for building applications. 

 Organic PCMs are the most frequently used in 

building applications. 

 It is important to select the appropriate PCM 

melting temperature. 

 Climate conditions of each region affect the 

choice of PCM melting temperature. 

 PCMs with a melting temperature of 21°C–

28°C are the most frequently used in building 

applications. 

 For developing countries, it would be more 

efficient to use components that can be added to 

the building, not components that affect the 

structure, due to workers’ lack of experience 

and the price of complicated systems. 

 It is important to verify the effectiveness of 

simulation tools and experimental prototypes. 

 Studying the integration of PCMs in various 

places in Egypt with varying temperatures 

between day and night is required to determine 

the extent of their influence 

 Examine the effect of mixing PCM layers with 

different melting temperature on thermal 

comfort. 

 Some critical issues should be thoroughly 

investigated in order to ensure long-term 

performance:  

o Extensive study on the potential harmful 

effects on environment during the different 



9 

 

phases of PCMs starting from their 

manufacture, production, development, 

usage and disposal. 

o More research into the toxicity of PCM 

products and long-term health hazards and 

consequent limitations. 

o More research is needed to improve 

different incorporation techniques in order 

to avoid any possible leakage. 

o Further investigation of cases of demolition 

and maintenance of buildings containing 

PCMs in order to ensure optimal handling 

and to overcome the possibility of leakage 

or other risks. 

Declaration of Competing Interest 

The authors declare that they have no known 

competing financial interests or personal 

relationships that could have appeared to influence 

the work reported in this study. 

Declaration of Funding  

No funding. 

8. REFERENCES 

[1] D. Zhou, C.Y. Zhao, Y. Tian, “Review on thermal 

energy storage with phase change materials (pcms) in 

building applications”, Applied Energy, vol.92, 2012, pp. 

593-605. https://doi.org/10.1016/j.apenergy.2011.08.025.  

[2] P.K.S. Rathore, S.K. Shukla, “An experimental 

evaluation of thermal behavior of the building envelope 

using macroencapsulated pcm for energy savings”, 

Renewable Energy, vol.149, 2020, pp. 1300-1313. 

https://doi.org/10.1016/j.renene.2019.10.130.  

[3] Y. Qu, D. Zhou, F. Xue, L. Cui, “Multi-factor 

analysis on thermal comfort and energy saving potential 

for pcm-integrated buildings in summer”, Energy and 

Buildings, vol.241, 2021, pp. 110966. 

https://doi.org/10.1016/j.enbuild.2021.110966.  

[4] S.R. Hassan, N.A. Megahed, O.M. Abo Eleinen, 

A.M. Hassan, “Toward a national life cycle assessment 

tool: Generative design for early decision support”, 

Energy and Buildings, vol.267, 2022, pp. 112144. 

https://doi.org/10.1016/j.enbuild.2022.112144.  

[5] D. S. Noaman, S. A. Moneer, N. A. Megahed, S.A. 

El-Ghafour, “Integration of active solar cooling 

technology into passively designed facade in hot 

climates”, journal of Building Engineering, vol., pp. (In 

press). 

[6] A.A. Elmokadem, N.A. Megahed, D.S. Noaman, 

“Towards a computer program for building-integrated 

wind technologies”, Energy and Buildings, vol.117, 

2016, pp. 230-244. 

https://doi.org/10.1016/j.enbuild.2016.02.022.  

[7] M. El-Bastawisy, W. Fawzy, A. El-Moqadem, A. 

Naglaa, “Guidelines and criteria for enhancing thermal 

comfort in residential areas, port-fouad, egypt”, Port-

Said Engineering Research Journal, vol.8((1)), 2004, pp. 

273-293. 

[8] M.M. Shahda, “Self-shading walls to improve 

environmental performance in desert buildings”, vol., 

2020, pp. 

[9] D. Elgheznawy, S. Eltarabily, “The impact of sun 

sail-shading strategy on the thermal comfort in school 

courtyards”, Building and Environment, vol.202, 2021, 

pp. 108046. 

https://doi.org/10.1016/j.buildenv.2021.108046.  

[10] H.A. Abdulkareem, “Thermal comfort through the 

microclimates of the courtyard. A critical review of the 

middle-eastern courtyard house as a climatic response”, 

Procedia - Social and Behavioral Sciences, vol.216, 

2016, pp. 662-674. 

https://doi.org/10.1016/j.sbspro.2015.12.054.  

[11] M. El-Ahwal, A.A.e. Elmokadem, N. Megahed, D. 

El-Gheznawy, “Methodology for the design and 

evaluation of green roofs in egypt”, Port-Said 

Engineering Research Journal, vol.20(1), 2016, pp. 35-

43. 10.21608/pserj.2016.33631.   

[12] o. abo einan, M.M. Shahda, R. Adil, “Effect of mass 

formation on indoor thermal performance in the arab 

region %j port-said engineering research journal”, 

vol.23(1), 2019, pp. 1-9. 10.21608/pserj.2019.32530.  

[13] G. Li, X. Zheng, “Thermal energy storage system 

integration forms for a sustainable future”, Renewable 

and Sustainable Energy Reviews, vol.62, 2016, pp. 736-

757. https://doi.org/10.1016/j.rser.2016.04.076.  

[14] D. Elgheznawy, O. Abou El Enein, G. Shalaby, A. 

Seif, “An experimental study of indoor air quality 

enhancement using breathing walls”, Civil Engineering 

and Architecture, vol.10, 2022, pp. 194-209. 

10.13189/cea.2022.100117.  

[15] U. Stritih, V.V. Tyagi, R. Stropnik, H. Paksoy, F. 

Haghighat, M.M. Joybari, “Integration of passive pcm 

technologies for net-zero energy buildings”, Sustainable 

Cities and Society, vol.41, 2018, pp. 286-295. 

https://doi.org/10.1016/j.scs.2018.04.036.  

[16] J.M. Delgado, J.C. Martinho, A.V. Sá, A.S. 

Guimarães, V. Abrantes, Thermal energy storage with 

phase change materials: A literature review of 

applications for buildings materials, Springer2018. 

[17] E. Oró, A. de Gracia, A. Castell, M.M. Farid, L.F. 

Cabeza, “Review on phase change materials (pcms) for 

cold thermal energy storage applications”, Applied 

Energy, vol.99, 2012, pp. 513-533. 

https://doi.org/10.1016/j.apenergy.2012.03.058.  

[18] F. Kuznik, D. David, K. Johannes, J.-J. Roux, “A 

review on phase change materials integrated in building 

walls”, Renewable and Sustainable Energy Reviews, 

vol.15(1), 2011, pp. 379-391. 

https://doi.org/10.1016/j.rser.2010.08.019.  

https://doi.org/10.1016/j.apenergy.2011.08.025
https://doi.org/10.1016/j.renene.2019.10.130
https://doi.org/10.1016/j.enbuild.2021.110966
https://doi.org/10.1016/j.enbuild.2022.112144
https://doi.org/10.1016/j.enbuild.2016.02.022
https://doi.org/10.1016/j.buildenv.2021.108046
https://doi.org/10.1016/j.sbspro.2015.12.054
https://doi.org/10.1016/j.rser.2016.04.076
https://doi.org/10.1016/j.scs.2018.04.036
https://doi.org/10.1016/j.apenergy.2012.03.058
https://doi.org/10.1016/j.rser.2010.08.019


10 

 

[19] J. Kosny, Pcm-enhanced building components , an 

application of phase change materials in building 

envelopes and internal structures, 2015. 

[20] P.K.S. Rathore, S.K. Shukla, “Potential of 

macroencapsulated pcm for thermal energy storage in 

buildings: A comprehensive review”, Construction and 

Building Materials, vol.225, 2019, pp. 723-744. 

https://doi.org/10.1016/j.conbuildmat.2019.07.221.  

[21] S.A. Memon, “Phase change materials integrated in 

building walls: A state of the art review”, Renewable and 

Sustainable Energy Reviews, vol.31, 2014, pp. 870-906. 

https://doi.org/10.1016/j.rser.2013.12.042.  

[22] H. Hu, X. Jin, X. Zhang, “Effect of supercooling on 

the solidification process of the phase change material”, 

Energy Procedia, vol.105, 2017, pp. 4321-4327. 

https://doi.org/10.1016/j.egypro.2017.03.905.  

[23] F. Haghighat, Applying energy storage in ultra-low 

energy buildings - final report, 2014.  

[24] H. Mehling, L.F. Cabeza, Phase change materials 

and their basic properties, Springer Netherlands, 

Dordrecht, 2007, pp. 257-277. 

[25] A.A.A. Abuelnuor, A.A.M. Omara, K.M. Saqr, 

I.H.I. Elhag, “Improving indoor thermal comfort by 

using phase change materials: A review”, International 

Journal of Energy Research, vol.42(6), 2018, pp. 2084-

2103. https://doi.org/10.1002/er.4000.  

[26] M. Saffari, C. Piselli, A. de Gracia, A.L. Pisello, F. 

Cotana, L.F. Cabeza, “Thermal stress reduction in cool 

roof membranes using phase change materials (pcm)”, 

Energy and Buildings, vol.158, 2018, pp. 1097-1105. 

https://doi.org/10.1016/j.enbuild.2017.10.068.  

[27] S.E. Kalnæs, B.P. Jelle, “Phase change materials 

and products for building applications: A state-of-the-art 

review and future research opportunities”, Energy and 

Buildings, vol.94, 2015, pp. 150-176. 

https://doi.org/10.1016/j.enbuild.2015.02.023.  

[28] B.Y. Yun, Y. Kang, Y.U. Kim, S. Wi, S. Kim, 

“Practical solutions with pcm for providing thermal 

stability of temporary house, school and hospital in 

disaster situations”, Building and Environment, vol., 

2021, pp. 108540. 

https://doi.org/10.1016/j.buildenv.2021.108540.  

[29] B. Lamrani, K. Johannes, F. Kuznik, “Phase change 

materials integrated into building walls: An updated 

review”, Renewable and Sustainable Energy Reviews, 

vol.140, 2021, pp. 110751. 

https://doi.org/10.1016/j.rser.2021.110751.  

[30] N.A. Megahed, E.M. Ghoneim, “Indoor air quality: 

Rethinking rules of building design strategies in post-

pandemic architecture”, Environmental Research, 

vol.193, 2021, pp. 110471. 

https://doi.org/10.1016/j.envres.2020.110471.  

[31] M. Gonçalves, R.M. Novais, L. Senff, J. 

Carvalheiras, J.A. Labrincha, “Pcm-containing bi-

layered alkali-activated materials: A novel and 

sustainable route to regulate the temperature and 

humidity fluctuations inside buildings”, Building and 

Environment, vol.205, 2021, pp. 108281. 

https://doi.org/10.1016/j.buildenv.2021.108281.  

[32] P. Wolkoff, “Indoor air humidity, air quality, and 

health – an overview”, International Journal of Hygiene 

and Environmental Health, vol.221(3), 2018, pp. 376-

390. https://doi.org/10.1016/j.ijheh.2018.01.015.  

[33] Z. Wu, M. Qin, M. Zhang, “Phase change humidity 

control material and its impact on building energy 

consumption”, Energy and Buildings, vol.174, 2018, pp. 

254-261. https://doi.org/10.1016/j.enbuild.2018.06.036.  

[34] Z. Chen, M. Qin, “Preparation and hygrothermal 

properties of composite phase change humidity control 

materials”, Applied Thermal Engineering, vol.98, 2016, 

pp. 1150-1157. 

https://doi.org/10.1016/j.applthermaleng.2015.12.096.  

[35] T. Yan, Z. Sun, X. Xu, H. Wan, G. Huang, 

“Development of a simplified dynamic moisture transfer 

model of building wall layer of hygroscopic material”, 

Energy, vol.183, 2019, pp. 1278-1294. 

https://doi.org/10.1016/j.energy.2019.07.033.  

[36] J. Jia, B. Liu, L. Ma, H. Wang, D. Li, Y. Wang, 

“Energy saving performance optimization and regional 

adaptability of prefabricated buildings with pcm in 

different climates”, Case Studies in Thermal 

Engineering, vol.26, 2021, pp. 101164. 

https://doi.org/10.1016/j.csite.2021.101164.  

[37] J. Lizana, R. Chacartegui, A. Barrios-Padura, C. 

Ortiz, “Advanced low-carbon energy measures based on 

thermal energy storage in buildings: A review”, 

Renewable and Sustainable Energy Reviews, vol.82, 

2018, pp. 3705-3749. 

https://doi.org/10.1016/j.rser.2017.10.093.  

[38] B. Nghana, F. Tariku, “Phase change material's 

(pcm) impacts on the energy performance and thermal 

comfort of buildings in a mild climate”, Building and 

Environment, vol.99, 2016, pp. 221-238. 

https://doi.org/10.1016/j.buildenv.2016.01.023.  

[39] G. Gholamibozanjani, M. Farid, “A critical review 

on the control strategies applied to pcm-enhanced 

buildings”, Energies, vol.14(7), 2021, pp. 1929. 

https://doi.org/10.3390/en14071929.  

[40] A. Ozadowicz, J. Grela, Impact of building 

automation control systems on energy efficiency — 

university building case study, 2017 22nd IEEE 

International Conference on Emerging Technologies and 

Factory Automation (ETFA), 2017, pp. 1-8.  

[41] M.M. Farid, A.M. Khudhair, S.A.K. Razack, S. Al-

Hallaj, “A review on phase change energy storage: 

Materials and applications”, Energy Conversion and 

Management, vol.45(9), 2004, pp. 1597-1615. 

https://doi.org/10.1016/j.enconman.2003.09.015.  

[42] H. Akeiber, P. Nejat, M.Z.A. Majid, M.A. Wahid, 

F. Jomehzadeh, I. Zeynali Famileh, J.K. Calautit, B.R. 

Hughes, S.A. Zaki, “A review on phase change material 

(pcm) for sustainable passive cooling in building 

envelopes”, Renewable and Sustainable Energy 

Reviews, vol.60, 2016, pp. 1470-1497. 

https://doi.org/10.1016/j.rser.2016.03.036.  

https://doi.org/10.1016/j.conbuildmat.2019.07.221
https://doi.org/10.1016/j.rser.2013.12.042
https://doi.org/10.1016/j.egypro.2017.03.905
https://doi.org/10.1002/er.4000
https://doi.org/10.1016/j.enbuild.2017.10.068
https://doi.org/10.1016/j.enbuild.2015.02.023
https://doi.org/10.1016/j.buildenv.2021.108540
https://doi.org/10.1016/j.rser.2021.110751
https://doi.org/10.1016/j.envres.2020.110471
https://doi.org/10.1016/j.buildenv.2021.108281
https://doi.org/10.1016/j.ijheh.2018.01.015
https://doi.org/10.1016/j.enbuild.2018.06.036
https://doi.org/10.1016/j.applthermaleng.2015.12.096
https://doi.org/10.1016/j.energy.2019.07.033
https://doi.org/10.1016/j.csite.2021.101164
https://doi.org/10.1016/j.rser.2017.10.093
https://doi.org/10.1016/j.buildenv.2016.01.023
https://doi.org/10.3390/en14071929
https://doi.org/10.1016/j.enconman.2003.09.015
https://doi.org/10.1016/j.rser.2016.03.036


11 

 

[43] Y.K. Yang, I.S. Kang, M.H. Chung, S. Kim, J.C. 

Park, “Effect of pcm cool roof system on the reduction in 

urban heat island phenomenon”, Building and 

Environment, vol.122, 2017, pp. 411-421. 

https://doi.org/10.1016/j.buildenv.2017.06.015.  

[44] K.K. Roman, T. O'Brien, J.B. Alvey, O. Woo, 

“Simulating the effects of cool roof and pcm (phase 

change materials) based roof to mitigate uhi (urban heat 

island) in prominent us cities”, Energy, vol.96, 2016, pp. 

103-117. https://doi.org/10.1016/j.energy.2015.11.082.  

[45] A. B. R, U.C. Sahoo, P. Rath, “Thermal and 

mechanical performance of phase change material 

incorporated concrete pavements”, Road Materials and 

Pavement Design, vol., 2021, pp. 1-18. 

10.1080/14680629.2021.1884590.  

[46] M.H. Chung, J.C. Park, “Development of pcm cool 

roof system to control urban heat island considering 

temperate climatic conditions”, Energy and Buildings, 

vol.116, 2016, pp. 341-348. 

https://doi.org/10.1016/j.enbuild.2015.12.056.  

[47] P.K.S. Rathore, S.K. Shukla, “Enhanced 

thermophysical properties of organic pcm through shape 

stabilization for thermal energy storage in buildings: A 

state of the art review”, Energy and Buildings, vol.236, 

2021, pp. 110799. 

https://doi.org/10.1016/j.enbuild.2021.110799.  

[48] Q. Al-Yasiri, M. Szabó, “Influential aspects on 

melting and solidification of pcm energy storage 

containers in building envelope applications”, 

International Journal of Green Energy, vol.18(9), 2021, 

pp. 966-986. 10.1080/15435075.2021.1890082.  

[49] X. Chen, Q. Zhang, Z.J. Zhai, X. Ma, “Potential of 

ventilation systems with thermal energy storage using 

pcms applied to air conditioned buildings”, Renewable 

Energy, vol.138, 2019, pp. 39-53. 

https://doi.org/10.1016/j.renene.2019.01.026.  

[50] S. Soudian, U. Berardi, “Assessing the effect of 

night ventilation on pcm performance in high-rise 

residential buildings”, Journal of Building Physics, 

vol.43(3), 2019, pp. 229-249. 

10.1177/1744259119848128.   

[51] J. Guo, G. Zhang, “Investigating the performance of 

the pcm-integrated building envelope on a seasonal 

basis”, Journal of the Taiwan Institute of Chemical 

Engineers, vol.124, 2021, pp. 91-97. 

https://doi.org/10.1016/j.jtice.2021.04.066.  

[52] R.M. Ismail, N.A. Megahed, S. Eltarabily, 

“Numerical investigation of the indoor thermal 

behaviour based on pcms in a hot climate”, Architectural 

Science Review, vol., 2022, pp. 1-21. 

https://doi.org/10.1080/00038628.2022.2058459.  

[53] G. Zhou, J. He, “Thermal performance of a radiant 

floor heating system with different heat storage materials 

and heating pipes”, Applied Energy, vol.138, 2015, pp. 

648-660. https://doi.org/10.1016/j.apenergy.2014.10.058.  

[54] S. Lu, B. Xu, X. Tang, “Experimental study on 

double pipe pcm floor heating system under different 

operation strategies”, Renewable Energy, vol.145, 2020, 

pp. 1280-1291. 

https://doi.org/10.1016/j.renene.2019.06.086.  

[55] I. Cerón, J. Neila, M. Khayet, “Experimental tile 

with phase change materials (pcm) for building use”, 

Energy and Buildings, vol.43(8), 2011, pp. 1869-1874. 

https://doi.org/10.1016/j.enbuild.2011.03.031.  

[56] E.M. Alawadhi, H.J. Alqallaf, “Building roof with 

conical holes containing pcm to reduce the cooling load: 

Numerical study”, Energy Conversion and Management, 

vol.52(8), 2011, pp. 2958-2964. 

https://doi.org/10.1016/j.enconman.2011.04.004.  

[57] M. Nouira, H. Sammouda, “Numerical study of an 

inclined photovoltaic system coupled with phase change 

material under various operating conditions”, Applied 

Thermal Engineering, vol.141, 2018, pp. 958-975. 

https://doi.org/10.1016/j.applthermaleng.2018.06.039.  

[58] Y. Li, J. Darkwa, G. Kokogiannakis, “Heat transfer 

analysis of an integrated double skin façade and phase 

change material blind system”, Building and 

Environment, vol.125, 2017, pp. 111-121. 

https://doi.org/10.1016/j.buildenv.2017.08.034.  

[59] A. de Gracia, L. Navarro, A. Castell, L.F. Cabeza, 

“Energy performance of a ventilated double skin facade 

with pcm under different climates”, Energy and 

Buildings, vol.91, 2015, pp. 37-42. 

https://doi.org/10.1016/j.enbuild.2015.01.011.  

[60] H. Elarga, F. Goia, A. Zarrella, A. Dal Monte, E. 

Benini, “Thermal and electrical performance of an 

integrated pv-pcm system in double skin façades: A 

numerical study”, Solar Energy, vol.136, 2016, pp. 112-

124. https://doi.org/10.1016/j.solener.2016.06.074.  

[61] S. Li, K. Zhong, Y. Zhou, X. Zhang, “Comparative 

study on the dynamic heat transfer characteristics of 

pcm-filled glass window and hollow glass window”, 

Energy and Buildings, vol.85, 2014, pp. 483-492. 

https://doi.org/10.1016/j.enbuild.2014.09.054.  

[62] S. Li, K. Zou, G. Sun, X. Zhang, “Simulation 

research on the dynamic thermal performance of a novel 

triple-glazed window filled with pcm”, Sustainable 

Cities and Society, vol.40, 2018, pp. 266-273. 

https://doi.org/10.1016/j.scs.2018.01.020.  

[63] Y. Hu, P.K. Heiselberg, “A new ventilated window 

with pcm heat exchanger—performance analysis and 

design optimization”, Energy and Buildings, vol.169, 

2018, pp. 185-194. 

https://doi.org/10.1016/j.enbuild.2018.03.060.  

[64] T. Silva, R. Vicente, F. Rodrigues, A. Samagaio, C. 

Cardoso, “Development of a window shutter with phase 

change materials: Full scale outdoor experimental 

approach”, Energy and Buildings, vol.88, 2015, pp. 110-

121. https://doi.org/10.1016/j.enbuild.2014.11.053.  

[65] Y. Li, S. Liu, J. Lu, “Effects of various parameters 

of a pcm on thermal performance of a solar chimney”, 

Applied Thermal Engineering, vol.127, 2017, pp. 1119-

1131.  

https://doi.org/10.1016/j.applthermaleng.2017.08.087.  

[66] T. Silva, R. Vicente, N. Soares, V. Ferreira, 

“Experimental testing and numerical modelling of 

https://doi.org/10.1016/j.buildenv.2017.06.015
https://doi.org/10.1016/j.energy.2015.11.082
https://doi.org/10.1016/j.enbuild.2015.12.056
https://doi.org/10.1016/j.enbuild.2021.110799
https://doi.org/10.1016/j.renene.2019.01.026
https://doi.org/10.1016/j.jtice.2021.04.066
https://doi.org/10.1080/00038628.2022.2058459
https://doi.org/10.1016/j.apenergy.2014.10.058
https://doi.org/10.1016/j.renene.2019.06.086
https://doi.org/10.1016/j.enbuild.2011.03.031
https://doi.org/10.1016/j.enconman.2011.04.004
https://doi.org/10.1016/j.applthermaleng.2018.06.039
https://doi.org/10.1016/j.buildenv.2017.08.034
https://doi.org/10.1016/j.enbuild.2015.01.011
https://doi.org/10.1016/j.solener.2016.06.074
https://doi.org/10.1016/j.enbuild.2014.09.054
https://doi.org/10.1016/j.scs.2018.01.020
https://doi.org/10.1016/j.enbuild.2018.03.060
https://doi.org/10.1016/j.enbuild.2014.11.053
https://doi.org/10.1016/j.applthermaleng.2017.08.087


12 

 

masonry wall solution with pcm incorporation: A passive 

construction solution”, Energy and Buildings, vol.49, 

2012, pp. 235-245. 

https://doi.org/10.1016/j.enbuild.2012.02.010.  

[67] M. Prabhakar, M. Saffari, A. de Gracia, L.F. 

Cabeza, “Improving the energy efficiency of passive 

pcm system using controlled natural ventilation”, Energy 

and Buildings, vol.228, 2020, pp. 110483. 

https://doi.org/10.1016/j.enbuild.2020.110483.  

[68] M. Thambidurai, K. Panchabikesan, K.M. N, V. 

Ramalingam, “Review on phase change material based 

free cooling of buildings—the way toward 

sustainability”, Journal of Energy Storage, vol.4, 2015, 

pp. 74-88. https://doi.org/10.1016/j.est.2015.09.003.  

[69] V.A.A. Raj, R. Velraj, “Review on free cooling of 

buildings using phase change materials”, Renewable and 

Sustainable Energy Reviews, vol.14(9), 2010, pp. 2819-

2829. https://doi.org/10.1016/j.rser.2010.07.004.  

[70] S. Kamali, “Review of free cooling system using 

phase change material for building”, Energy and 

Buildings, vol.80, 2014, pp. 131-136. 

https://doi.org/10.1016/j.enbuild.2014.05.021.  

[71] U. Stritih, V. Butala, “Retracted: Experimental 

investigation of energy saving in buildings with pcm 

cold storage”, International Journal of Refrigeration, 

vol.33(8), 2010, pp. 1676-1683. 

https://doi.org/10.1016/j.ijrefrig.2010.07.017.  

[72] F. Souayfane, F. Fardoun, P.-H. Biwole, “Phase 

change materials (pcm) for cooling applications in 

buildings: A review”, Energy and Buildings, vol.129, 

2016, pp. 396-431. 

https://doi.org/10.1016/j.enbuild.2016.04.006.  

[73] A.A.M. Omara, A.A.A. Abuelnour, “Improving the 

performance of air conditioning systems by using phase 

change materials: A review”, International Journal of 

Energy Research, vol.43(10), 2019, pp. 5175-5198. 

https://doi.org/10.1002/er.4507.  

[74] A.A. Al-Abidi, S. Bin Mat, K. Sopian, M.Y. 

Sulaiman, C.H. Lim, A. Th, “Review of thermal energy 

storage for air conditioning systems”, Renewable and 

Sustainable Energy Reviews, vol.16(8), 2012, pp. 5802-

5819. https://doi.org/10.1016/j.rser.2012.05.030.  

[75] A. Gil, E. Oró, G. Peiró, S. Álvarez, L.F. Cabeza, 

“Material selection and testing for thermal energy 

storage in solar cooling”, Renewable Energy, vol.57, 

2013, pp. 366-371. 

https://doi.org/10.1016/j.renene.2013.02.008.  

[76] A. Gil, E. Oró, A. Castell, L.F. Cabeza, 

“Experimental analysis of the effectiveness of a high 

temperature thermal storage tank for solar cooling 

applications”, Applied Thermal Engineering, vol.54(2), 

2013, pp. 521-527. 

https://doi.org/10.1016/j.applthermaleng.2013.02.016.  

[77] P. Sudhakar, R. Santosh, B. Asthalakshmi, G. 

Kumaresan, R. Velraj, “Performance augmentation of 

solar photovoltaic panel through pcm integrated natural 

water circulation cooling technique”, Renewable Energy, 

vol.172, 2021, pp. 1433-1448. 

https://doi.org/10.1016/j.renene.2020.11.138.  

[78] Y. Li, N. Nord, Q. Xiao, T. Tereshchenko, 

“Building heating applications with phase change 

material: A comprehensive review”, Journal of Energy 

Storage, vol.31, 2020, pp. 101634. 

https://doi.org/10.1016/j.est.2020.101634.  

[79] G. Gholamibozanjani, M. Farid, “A comparison 

between passive and active pcm systems applied to 

buildings”, Renewable Energy, vol.162, 2020, pp. 112-

123. https://doi.org/10.1016/j.renene.2020.08.007.  

[80] G. Iannaccone, M. Imperadori, G. Masera, Smart-

eco: A real vision for energy efficient architecture 

towards 2030, in: G. Iannaccone, M. Imperadori, G. 

Masera (Eds.), Smart-eco buildings towards 2020/2030: 

Innovative technologies for resource efficient buildings, 

Springer International Publishing, Cham, 2014, pp. 1-11. 

[81] S. Shrestha, W. Miller, T. Stovall, A. Desjarlais, K. 

Childs, W. Porter, M. Bhandari, S. Coley, Modeling 

pcm-enhanced insulation system and benchmarking 

energyplus against controlled field data, Proceedings of 

building simulation, 2011, pp. 800-807.  

[82] U.o. Nottingham, Basf research house. 

https://www.nottingham.ac.uk/creative-energy-

homes/houses/basf-research-house/basf-research-

house.aspx .  (Accessed July 17, 2020). 

[83] S. Robson, Lighthouse watford,uk. 

https://www.sheppardrobson.com/projects/lighthouse.  

(Accessed June 11, 2021). 

[84] Zauner Construction, Project sheets. 

http://www.zauner.com.au/projects.  (Accessed 

September 5, 2020). 

[85] INSOLCORP, Projects. https://insolcorp.com/blog/.  

(Accessed September 18, 2020). 

[86] P. Solution, Case studies. 

https://phasechange.com/case-studies/.  (Accessed 

January 30,2021). 

[87] S. ARCHITETEN, Retirement residence, domat 

ems. https://www.schwarz-

architekten.com/project/alterswohnen-domat-ems/.   

(Accessed September 12, 2020). 

[88] M. Casini, 5 - phase-change materials, in: M. Casini 

(Ed.), Smart buildings, Woodhead Publishing2016, pp. 

179-218. 

[89] J.S. Sage-Lauck, D.J. Sailor, “Evaluation of phase 

change materials for improving thermal comfort in a 

super-insulated residential building”, Energy and 

Buildings, vol.79, 2014, pp. 32-40. 

https://doi.org/10.1016/j.enbuild.2014.04.028. 

 
 

https://doi.org/10.1016/j.enbuild.2012.02.010
https://doi.org/10.1016/j.enbuild.2020.110483
https://doi.org/10.1016/j.est.2015.09.003
https://doi.org/10.1016/j.rser.2010.07.004
https://doi.org/10.1016/j.enbuild.2014.05.021
https://doi.org/10.1016/j.ijrefrig.2010.07.017
https://doi.org/10.1016/j.enbuild.2016.04.006
https://doi.org/10.1002/er.4507
https://doi.org/10.1016/j.rser.2012.05.030
https://doi.org/10.1016/j.renene.2013.02.008
https://doi.org/10.1016/j.applthermaleng.2013.02.016
https://doi.org/10.1016/j.renene.2020.11.138
https://doi.org/10.1016/j.est.2020.101634
https://doi.org/10.1016/j.renene.2020.08.007
https://www.nottingham.ac.uk/creative-energy-homes/houses/basf-research-house/basf-research-house.aspx
https://www.nottingham.ac.uk/creative-energy-homes/houses/basf-research-house/basf-research-house.aspx
https://www.nottingham.ac.uk/creative-energy-homes/houses/basf-research-house/basf-research-house.aspx
https://www.sheppardrobson.com/projects/lighthouse
http://www.zauner.com.au/projects
https://insolcorp.com/blog/
https://phasechange.com/case-studies/
https://www.schwarz-architekten.com/project/alterswohnen-domat-ems/
https://www.schwarz-architekten.com/project/alterswohnen-domat-ems/
https://doi.org/10.1016/j.enbuild.2014.04.028

