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Abstract The phase change material (PCM) using in buildings, a significant
technology for the global warming solution, has received considerable attention
over the last decade. PCM depending on the phase state change can passively store
the solar energy or excess heats as latent heat and release the heats to the indoor
environment within a specific temperature range, leading to building energy con-
sumption reducing, and indoor thermal comfort enhancing by smoothing indoor
temperature fluctuations. They can also be coupled using with active building
energy supply systems to increase the system efficiency and shift peak loads. This
study has reviewed the state-of-the-art PCM applications in buildings found on the
researches and markets. First, PCM classification, PCM thermal properties, PCM
study, and selection methods have been introduced. Second, PCM passively used in
building envelops, inclusive of PCM wall, PCM roof, PCM floor, PCM concrete,
PCM gypsum board, PCM window, and so on, have been detailedly analyzed.
Thirdly, PCM coupled with active system, such as PCM and solar energy hot
water/air systems, PCM and floor heating system, PCM and GSHP system, and
PCM and air condition and ventilation system, etc., have been extendedly reviewed.
Lastly, the potential further researched area for PCM used in buildings has also
been presented in conclusion.
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1 Introduction

1.1 Building Energy Efficiency and the Global Warming

The most serious problem humankind has ever to face might be global warming
which causes disastrous consequences and adverse effects. Global warming results
from the what we call “greenhouse effect” and mainly caused by greenhouse gases
(GHGs), especially the CO2 [1]. In the last 150 years, the rapid development of
industrialization and human activities have accumulated huge amount of CO2 to the
Earth’s atmosphere [2]. Burning of fossil fuels, form which CO2 products thus
results in climate changes in a long time for affecting the atmosphere chemically
[3]. By the 1990s the fossil fuels, such as coal, oil, and natural gas supplied more
than 80 % of the energy and emitted about 95 % of the total CO2 emission [4–6].

Unfortunately, nowadays, fossil fuels are still the world’s main energy source.
Buildings, both residential and commercial, consume 40 % of the world’s energy
and generate 30 % of the CO2 emissions around the world [7]. To make matters
worse, different from industrialization and transportation, whose energy con-
sumption can be restricted even interrupted by controlling operation status, the
energy consumption of buildings is ceaseless and pushed up gradually by the
increasing desire for comfortable levels. The energy consumed for heating and
cooling systems accounts for a major portion of the total building energy con-
sumption [8]. To mitigate the global warming effect of fossil fuel using for build-
ings, a lot of new methods and technologies have been pursued. The energy storage
(ES) technology is one of the most impressive directions.

1.2 Energy Storage Technology

ES technology contains five major branches, as shown in Fig. 1, and they are
generally implemented to balance the energy demand with supply. The develop-
ment of energy storage technology is the prime task under the current energy
situation, along with the global warming issues. Energy storage system’s poten-
tiality is so attractive for their ability to store some kind of energy that can be
utilized further [9]. An energy storage process contains three fundamental steps:
charging, storing, and discharging [10]. Moreover, for residential and commercial
buildings, where the thermal energy plays a vital role, one of the thriving techniques
is phase change material (PCM) implementation, for the truth that the latent heat
usually large than the sensible heat. PCM using in buildings can help to enhance
energy efficiency and reduce energy consumption especially in building heating and
cooling. Therefore, PCM can play a vital role for slowing down global warming by
mitigating emissions of CO2, as well as SO2, NOx, and CFCs [11].

PCM can be applied to make renewable energy (especially solar energy) a
continuous and stable energy resource for saving primary energy. Thus, PCM has
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been selected and developed as the beat medium of ES technologies during the last
30 years. The PCM’s ability to store a large number of thermal energy in the
melting process and release energy when below the freezing point make it an
excellent method to improve the performance of building heating and cooling.
Besides, the PCM can also be used in buildings as a part of structures systems for
three advantages: first, PCM could smooth the temperature fluctuation and reduce
the energy loss for temperature around phase transition temperature stay constant or
near constant during the process PCM of melting or freezing; second, the latent heat
energy storage of PCM required a much smaller volume of material than any
conventional sensible heat energy storage material; third, various kinds of PCM
with different phase transition temperatures and latent heat storage abilities pro-
vided a lot of choices for using in buildings, according to the use functions and
requires [12].

1.3 Developmental Stages of PCM Using in Buildings

The study of PCM pioneered by Telkes and Raymond [13] in 1949, but did not
receive much attention. In early 1970s, the PCM thermal protection system began to
use for the Lunar Roving Vehicle and Skylab [14]. And in decade, PCM tech-
nologies were developed very fast from applied for space crafts on a small scale to
on a larger scale for buildings in order to help ease the global energy crisis [15–18].
The studies of the PCM applied in buildings boomed from 1982, when a research of
high strength microencapsulated PCM (MEPCM) used in buildings was funded by
the US Department of Energy. At the same year, the US Argonne National
Laboratory started a research of the PCM applying in solar energy collection and

Fig. 1 Different type of energy storage systems [9, 108, 109]
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storage in building systems. And in 1988, these researches were further promoted
by the US Department of Energy [19, 20]. After years of development, PCM using
in buildings could be summarized into three stages: the first stage, before 1990,
during which the focus is to analyze the feasibility of PCM using in buildings and
to select PCM that can be used in buildings; the second stage covers 1990s, during
which the researchers put focus on the compatibility, stability and useful life of
PCM used in buildings; the third stage begins in late 1990s and continues to
the present days, the focus of this stage has shifted to applying PCM in all kinds of
building systems such as wall system, roof system, floor system, building materials
and HVAC systems, and evaluating the performance [21–23].

1.4 The Applications of PCM Used in Buildings
and Building Systems

The latest applications of PCM used in buildings mainly include PCM wall system,
PCM-roof system, PCM floor system, PCM panel, PCM in building materials and
PCM windows and sunshade. PCM wall system where PCM, encapsulated in
microcapsule or containers, such as panels, bottles, and boxes, are embedded in
wall structure, can substantially reduce and delay the thermal load through latent
heat storage process to achieve the goal decreasing the temperature difference and
energy consumption [24–27]. PCM roof systems include PCM roof structure and
PCM ceiling, where PCM is usually embedded or filled a layer in the roof and
ceiling structure; moreover ventilation systems are also added as auxiliary in some
case to improve its thermal performance [28–32]. PCM floor systems are often
designed working with floor heating system to store thermal energy and smooth
indoor temperature fluctuation; the PCMs are embedded in the middle of floor or
somewhere in floor near heat resource [33–35]. PCM panel is one of common type
of application for that the PCMs do not need to be embedded in structure during
construction; the PCM is encapsulated by panels and then affixed firmly to any
structure surfaces conveniently and rapidly [36–42]. PCM in building material is
generally encapsulated by the microcapsule, and the applications include
PCM-modified mortar, PCM concrete, and PCM gypsum board; when added
PCMs, the thermal properties of building materials can be enhanced and promoted
[43–58]. PCM windows and sunshades are an emerging application where PCM is
filled into glass, frame, cavity, layer, and other parts; the PCM window and sun-
shade have the ability to change light and thermal transmittance to control solar
radiation, infrared radiation, and thermal conduction and reduce heat gains and
losses [59–66].

The latest PCM building energy systems mainly include solar energy storage
system, indoor temperature conditioning system and ground source heat pump
system. Besides, some applications on electricity peak load shifting and electrical
energy storage heating emerged in recent years. In the field of solar energy storage
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system, hot water and hot air are the usually energy carrier. The PCM can be
installed in the collector, tank, pipes, air flues, and even carrier itself [67–82]. In
indoor thermal environment conditioning systems, the PCM is often placed in
terminals and special storage tanks of heating, cooling and ventilation systems to
store excess heat for smoothing indoor temperature fluctuation and saving thermal
energy. In addition, in some case the PCM is installed in building structures, such as
floors which are designed as the terminal of floor heating systems [83–88]. Ground
source heat pump system is in some sense the integration of solar energy storage
system and indoor thermal environment conditioning system for it collects
renewable energy to adjust indoor thermal environment. Thus, the PCM can be
installed in both energy collection part and terminals [89–91]. Applications on
electricity peak load shifting and electrical energy storage heating have the same
mechanism. The electrical energy is converted into thermal energy which stored in
PCM in melting process and released in discharging process for avoiding peak load
or heating [34, 73, 92–94].

2 PCM

2.1 Classification and Characteristic of PCM

There are three types of PCMs suitable for different building applications: organic,
inorganic, and eutectic mixture of PCMs. Figure 2 shows the types of PCMs. The
usual PCMs used in buildings include salt hydrates, paraffin waxes, fatty acids, and
eutectics of organic or nonorganic compounds [9, 95–97]. They need to equip
some properties as follows: large latent heat, high thermal conductivity, moder-
ate phase change temperature, well chemically stability, low cost, nontoxic, and
noncorrosive [23].

Organic PCMs have many advantages such as chemically stable, free from super
cooling, nonphase segregation material, noncorrosive, nontoxic, and high latent
heat of fusion capacitance for thermal energy storage [9]. However, they are

Fig. 2 Types of PCMs [109]
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considered as inflammable and low thermal conductive. Organic PCMs can be
divided into two types: paraffin and non-paraffin. Non-paraffin organics are fatty
acids, esters, alcohols, and glycols [95]. Generally, organic PCMs using in build-
ings have a melting point range 20–32 °C [96].

Inorganic PCMs are considered as high latent heat, preferable thermal conduc-
tivity, fire resistance, and inexpensive [9]. But, corrosive, super cooling, and seg-
regation are the disadvantages of inorganic PCMs [95]. The inorganic PCMs are
commonly applied in solar energy storages [97].

Eutectic mixtures contain three types: organic–organic, inorganic–inorganic, and
inorganic–organic mixtures [9]. These mixtures have different thermal properties
with the components. Generally, eutectic PCMs are mostly used in building
applications [96].

2.2 Thermal Properties of Some Potential PCMs

Thermal properties mainly include latent heat and phase change temperature of a
kind of PCM. Melting/freezing point and heat of fusion can be one of the most
important principles to choose the PCM for certain usage. Table 1 shows the
thermal properties of some potential PCMs for building applications in the
literatures.

Table 1 Thermal properties of some potential PCMs for building applications [9]

Types of
PCM

Potential PCMs Melting
point (°
C)

Heat of
fusion
(J/g)

References

Organic Paraffin (RT 20, RT 26, RT 25, RT 30,
RT 27, RT 32) as commercial PCM

22–31 130–232 [96]

Straight-chain Paraffin −30–93.7 141–269 [23]

Fatty acid (Capric Acid, Lauric Acid, Myristic
Acid, Palmitic Acid, Stearic Acid)

28–51 145–202 [23]

High fatty alcohol (Dodecanol, Tetradecanol,
Hexadecanol)

17–49 103–268 [23]

Inorganic KF�4H2O, Mn(No3)2�6H2O, CaCl2�6H2O,
LiNO3�3H2O, Na2SO4�10H2O

18.5–32 126–296 [96]

Salt hydrate (Climsel C23, Climsel C24, STL
27, S27, TH 29, Climsel C32) as commercial
PCM

22–31 148–216 [96]

Eutectic Inorganic eutectics, organic eutectics 25–30,
19–34

153–208 [23, 96]
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2.3 PCM Selection and Study Methods

PCMs should equip some desired thermal properties for building application.
Although many kinds of PCMs have been tested in the literatures, the amount of
PCMs is too large and different types of applications need PCMs with different
thermal properties. Besides, some actual factors, such as purity, impurity, and oper-
ating error can also change the thermal properties. There are some common tech-
niques, including differential scanning calorimeter (DSC), Fourier transform infrared
spectroscopy (FTIR), thermal gravimetric analyzer (TGA), and scanning electron
microscopy (SEM), which are used to measure thermal properties of PCMs [9].

DSC is one of the most widely used analytical instruments. DSC can provide a
serious of thermodynamic data of PCMs. A single DSC test usually consists in
regularly cooling and heating process of a PCM sample. Thermal properties of
PCMs, such as transition temperature, enthalpy, heat capacity, specific heat, and
latent heat, can be determined from the obtained qualitative and quantitative
information during the phase change process [98].

FTIR is a kind of molecular absorption spectrometry which can be recorded for
identifying compounds and molecular structure. The complex process when a
eutectic mixture PCM is producing needs to be identified a chemical reaction or a
physically mixing by comparing the before-and-after FTIRs to ensure its stability
and consistency [99].

TGA can express the mass loss of PCM during a heating process. The inner
pressure of PCM always changes with volume during phase transition process and
poses a threat to microcapsule structure. TGA is used to evaluate volatilization of
PCM in different temperature range, mass loss, durability, and stability [99].

SEM can observe and record microstructure, such as micro-shape, porosity,
grain boundary, and agglomeration, which may affect the operation performance of
PCM, especially microcapsule. The images SEM captured are real, clear, and
three-dimensional [100].

3 PCM Used in Building Envelope

3.1 PCM Wall

Researches about the PCM application on the wall system have been done a lot.
Some new form PCM wall forms and new methodology to improve the study on the
wall system have been proposed. And also those new thoughts have been validated
positive influence on reducing the temperature difference and energy consumption.

Alexander confirmed that adding a certain amount of microencapsulated PCMs
to concrete walls and increasing the latent heat both substantially reduced and
delayed the thermal load. To achieve the maximum time delay, the phase change
temperature should be increased with increasing average outdoor temperature.
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Romen has investigated three different form walls shown in Fig. 3. And the
experiment results revealed that the high thermal amplitude reduction of the
specimens M2 and M3 are about 50 % and 80 %, respectively compared with M1.
The time delay of maximum and minimum temperatures peak is about 1 h while the
values increase to 3 h for specimens M2 and M3 form.

3.2 PCM Roof

Quite a number of researchers have investigated the thermal performance on the
difference forms of roof, as shown in Fig. 4. Those studies have also proposed some
similar conclusions or found some reasons about the differences between experi-
ment and simulation results.

Fig. 3 Wall system geometry and composition (Romeu [26])

Fig. 4 Experimental model of concrete roof with a empty holes and b holes filled with PCM
(Alqallaf [28])
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Heat gain can be reduced with larger PCM holes diameter when the volume of
the holes is constant and heat gain of the house is influenced by the phase change
temperature to a much greater extent.

Li has found that the effects of the phase change temperature and the latent heat
to the peak temperature and the staring time are slight, the roof slope, and the
absorption rate of the exterior roof surface weak, while the thickness of the PCM
layer violent, as shown in Fig. 5.

Maciej has developed a PCM roof system to improve the night ventilation
system in Fig. 6 and found that not all the PCM melted and solidified fully, which
should be optimized through changing some parameter in this experiment.

3.3 PCM Floor

In the view of latest achievements, the effects of PCM floor system can reduce the
energy consumption and shift the peak loads. Enhancing the thermal conductivity
of a PCM to be no more than 1.0 W/m K could apparently improve energy effi-
ciency and reduce the thickness of thermal insulating materials. And the PCM
system shown in Fig. 7 has the most comfortable feelings and the economic effi-
ciency compared with other systems.

Reza has found that the PCM floor-wallboard system did shift the peak load to
the morning so that the energy and the electricity can be saved 18.8 % and 28.7 %,
respectively because of the electricity charge policy.

To solve the problem of the thermal comfort for persons in summer, Laurent has
proposed a solution of using a specific PCM into floors as is shown in Fig. 8 to
reduce the temperature difference day and night and to enhance the thermal storage
of the envelop.

Fig. 5 Construction of roof [31]
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Fig. 6 The scheme of repetitive element of a ceiling panel, dimensions of experimental setup
(Maciej [32])

Fig. 7 Structure of the underfloor heating system with HCE-SSPCM [33]
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3.4 PCM Panel

A certain amount of investigations on the PCM panels have been proceeding by
researchers around the world. Most researches pay much more attention on the
optimal location of the panel in the wall and different panel forms. And the results
have also been validated that those kinds of applications can save much energy.

Kong has found that compared with the reference room, the inside wall surface
peak temperatures of PCM installed in Outer surface of Wall (PCMOW) and PCM
installed in Inner surface of Wall (PCMIW) shown in Fig. 9 are 0.6 K, 2.4 K lower,
respectively. Also the author has found that PCMIW performed better than
PCMOW, especially with the condition of nature ventilation at night.

Lee has proposed a novel way for testing various kinds of wall constructions,
known as plug-and-play walls (PPW) shown in Fig. 10, and found that there exist
the optimal location for the PCM panel [38–41]. Other research about the wall
board proved that the total thickness of the light wall integrated into PCM panels
can be reduced from 45 cm of the traditional heavy wall to 26–27 cm.

Alvaro has validated the new type ventilated façade with PCM shown in Fig. 11
that those systems can save 2.49 MJ/day and 1.67 MJ/day, respectively. Also the
authors have verified that this new type design has three potential benefits in free
cooling, cold storage and decrease of solar radiation.

Fig. 8 Schematic representation of the experimental setup (Royona [110])
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Lai has studied the different combination forms of a new prototype PCM panel,
the diagram of which has showed in Fig. 12. And the author has achieved a con-
clusion that the new prototype has a better performance because of the high thermal
conductivity [101].

3.5 PCM in Building Materials

3.5.1 PCM-Modified Mortar

As we all know there are three methods of incorporating PCMs in conventional
construction materials, namely the direct incorporation, the immersion, and the

Fig. 9 Demonstration of PCM panels installed for the PCMOW and PCMIW (Kong [36])

Fig. 10 Schematic of a wall
section showing the locations
of the PCMTS (Lee and
Mario [37])
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encapsulation [43], among which the encapsulation is the most common method.
Systematic experiments were carried out to study the incorporation of PCMs with
the mortars. The addition of PCM not only affects the mechanical properties of
mortar, but also plays a role in the thermal properties of mortars.

This paragraph only concerns the physical and mechanical properties of
PCM-modified mortar. Generally, PCM has a much smaller specific gravity than

Fig. 11 Modes of operation of the VDSF. a Charge process, b discharge process, c overheating
prevention, d free cooling (Alvaro [111, 112])

Fig. 12 a Investigated target (mPCM honeycomb wallboard). b Physical model (Lai [101])
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the sand, if we use PCM to replace a certain percentage of sands in the geopolymer
mortar mixture, the unit weight of the geopolymer mortar decreases when more
PCM is included [100]. No matter cooling or heating the mortar, the compressive
strengths decreased with the increasing of PCM incorporated. This conclusion of
strength is reasonably consistent with the study of Li et al. [44], who got the results
of the compressive strength and the bending strength of the mortar decrease with an
increase of the content of composite PCM. The reason is that the composite PCM
does not react with water; however, cement can react with water and maintain
strength. The compressive strength and bending strength of mortar should not be
less than 5.0 MPa and 2.0 MPa, respectively, according to standard JC 890-2001.
Therefore, it is not true that the more PCM in mortar, the better.

One of the most important characteristics of PCMs is its thermal properties. It
can change phase at phase change temperature, thus it has very high heat storage
potential, preventing too high temperature of the surfaces of constructions once
applied to building materials [45–47]. Lots of researches about PCM-modified
mortar have been done. Authors mainly concerned thermal conductivity, the
specific heat capacity, the phase change temperature and latent heat of the mortar
with or without PCM. The heat capacity and the thermal conductivity are the
thermophysical properties of the composite material determined in the shape and
dimensions in which it is implemented in buildings [48]. The phase change tem-
perature and latent heat of the mortar can be tested by DSC. The incorporation of
PCM leads to a reduction of peak temperatures and an increase in minimum
temperatures and the PCM keeps its characteristics when integrated into hardened
cement-based mortars [49]. The PCM-modified mortar not only can smooth tem-
perature fluctuations, but also prone to hysteresis phenomenon. Ling et al. [50]
designed three cubicles during thermal test, proving that the bottom surface tem-
perature of the 10 % PCM slab and the 20 % PCM slab is about 3.3 and 6.2 °C
lower than that of the slab containing no PCM respectively and the time delay of
temperature rising in the case of 20 % PCM is longer than that at 10 % PCM
(Fig. 13).

3.5.2 PCM-Concrete

The properties of PCM-concrete also included two categories: mechanical prop-
erties and thermal properties. First, investigations on using the immersion technique
have found that there is no significant difference in the strength between the control
and immersion PCM-concrete [50]. However, in the case of direct mixing, inclusion
of PCM microcapsules significantly reduces the compressive strength. Lecomptea
et al. [51] studied the properties of PCM microcapsules, proving that the presence
of PCM drastically lowered the mechanical strength and bending strength, and the
reason can be found in Ref. [51]. The addition of a stiff quartz inclusion results in
an increase in the strength with increasing volume fraction, while the addition of
PCMs reduces the strength of composite [52]. So we can add stiff quartz to offset
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strength decrease of PCM. Silica fume can also replace cement in the binder
fraction of the concrete to improve compressive strengths.

Several workers [53–55] have studied the thermal performance and noted that
there is potential value in using encapsulated or impregnated PCM in different types
of concrete slab and blocks. Pomianowski et al. [53] concluded that the difference
between the volumetric heat capacity of the 4 and 6 wt% PCM concrete is quite
insignificant though the heat capacity increased with the increasing of PCM [50]. At
the same time, the thermal inertia of PCM-concrete is significantly higher than the
thermal inertia of the reference concrete without PCM but only within the melting
range where the specific heat capacity is high. Pomianowski et al. [49] concluded
that thermal conductivity of building materials drastically drops due to addition of
low thermally conductive microencapsulated PCM and PCM can increase heat
storage of the mortar material/concrete within PCM melting and solidification
temperature range, which is similar to the theoretical results of [50]. With the
special thermal properties, concrete materials incorporating PCMs can provide a
more stable temperature which ensures temperatures conducive to human thermal
comfort in the buildings’ internal space.

3.5.3 PCM-Gypsum Board

Gypsum is usually found in partition walls and it is always located in the interior
side of a wall as a cladding element. The physical and mechanical properties of
gypsum board with PCM have been studied by many authors. When microcapsules
are added, the mixture workability decreases and it solidifies in a shorter time [56],
leading the number of the bubbles which remain trapped in the gypsum increases,
thus influencing the density of PCM gypsum board. Zhang et al. [57] proved that

Fig. 13 Measured temperature at bottom of slabs (Ling et al. [50])
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the bending strength and compressive strength of the thermal-regulated gypsum
board decreased with an increase of the volume of the composite PCM, which is
similar to the theory of Oliver [58]. Borregueroa et al. [102] also concluded that the
addition of microcapsules produces a decrease of the bulk density and modifies the
gypsum porosity.

Several researchers [58, 102, 103] have tried to introduce PCMs into gypsum
board to enhance the heat storage capacity of constructions. The higher the
microcapsules content, the lower the slope of the temperature profiles when the
temperature reaches the region in which the PCM starts to melt which indicated the
microcapsules addition reduce the composite thermal conductivity [102]. Oliver
[58] studied the thermal behavior of gypsum board containing 45 % by weight of
PCMs reinforced with additives. He proved that a 1.5 cm thick gypsum board with
PCMs stored 5 times the thermal energy of a laminated gypsum board, and the same
energy as a 12 cm thick brick wall within the comfort temperature range (20–30 °
C). Jaworski and Shady [103] presented the results of thermal conductivity mea-
surement of gypsum-based composites incorporating microencapsulated PCMs.
They also used the hot plate apparatus to measure thermal conductivity under
steady state conditions.

3.6 PCM Window and Sunshade

3.6.1 PCM Window

A PCM filled window is thermally more effective than an air-filled window as it
filters out thermal radiation which in term reduces heat gains or losses [59].
A comparison on the dynamic heat transfer characteristics of PCM-filled glass
window and hollow glass window was performed by Li et al. [60], who concluded
that the annual energy consumption of the air conditioning system and the heating
system because of the heat transferred though the PCMW (the PCM-filled glass
window) decreased 40.6 % comparing with the HW (the hollow glass window)
applied in the representative sunny summer day. PCM glazing systems not only have
great benefit on cold climates, also show a positive effect in warmer climates [61].

The PCM glazing has a good ability to store solar energy and to smooth and
delay peak values of the total heat flux [62]. The energy storage process (the
“charge phase” of the PCM) is mainly driven by incident solar radiation, while the
energy release process (the “discharge phase” of the PCM) is influenced by the
indoor and outdoor temperature difference. Gowreesunker et al. [63] analyses the
optical and thermal aspects of a PCM glazed unit, and compares its performance
with a standard double-glazed unit, making a conclusion that the transmittance
spectra at different PCM phases are different and the use of PCM within a
double-glazed unit improves the thermal mass during phase change, relative to a
standard double-glazed unit. Goia et al. studied thermal comfort conditions of PCM
glazing systems in different climates (summer season, winter season and

626 S. Lu et al.



mid-season), compared with a conventional reference double-glazed unit [64]. For
each season, they observed between DGU PCM (Double Glass Unite PCM) and
DGU CG (Double Glass Unite Clear Glass) for days with three kinds of solar
irradiation, namely low solar irradiation (low H), moderate solar irradiation
(moderate H), and high solar irradiation (high H). In general, the higher the outdoor
solar irradiance, the greater the benefits offered by DGU PCM [64]. However, the
surface temperature of the internal glass panes reaches quite high values that can
affect thermal comfort in a negative way if the PCM melts completely before the
sunset, especially during summer.

3.6.2 PCM Sunshade

It seems that application of PCM on the sunshade has not been received enough
attention. Only several literatures about sunshade and sandwich form shutter can be
found. And the results show some positive influence on the heat gain reduction and
peak load shift.

The peak temperature reduction, appearance delay, and the time increase in
comfort conditions have been found in the building mixing microencapsulated
PCM shown in Fig. 14 [65].

Researches on the sandwich form sunshade shown in Fig. 15 revealed that the
air gap and the PCM layer thickness have negative influence on the heat gain while
the phase change temperature have essential influence on the reduction of the heat
gain through window [66, 104].

Tiago has confirmed that a new type shutter shown in Fig. 16 revealed a better
thermal performance compared with the one without PCM, which can be proved by
the experiment results that the maximum indoor temperature were 37.2 and 53.8 °C
in the test room and reference room respectively and the heat flux were 6.5 and
16 Wm−2 accordingly [105, 106].

Fig. 14 Outer view of the concrete cubicles with awnings (left) and a bird’s eye view of the roof
with an awning (right) (Pablo [65])
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Fig. 15 Schematic representation of the windows PCM system and the boundary conditions
(Wang [66])

Fig. 16 Structure of a new type shutter [105]
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4 PCM Used in Building Energy System

4.1 PCM Used in Solar Energy Storage System

4.1.1 Hot Water by PCM and Solar Energy

In order to harvest solar energy, thermal energy storage system with PCM has been
receiving greater attention because of its large energy storage capacity and
isothermal behavior during charging and discharging processes. Hence, more
researchers have studied the system combining PCM with solar energy to heat
water and then save the thermal energy in it. The current research intriguing
interests are still the selection of PCM, the optimization design of phase change heat
storage unit structure, the thermodynamic properties, and economic performance
researches of the coupled system, and so on. In this study, different technologies
about PCM inserted in the solar water collectors were studied as follows.

Huang et al. [67] researched a new PCM floor which included capillary plaits
and macro-packaged PCM layer. The results showed that the utilization of
macroencapsulated PCM in solar water floor heating system greatly enhanced
thermal energy storage capacity of the floor. Besides, the latent heat storage by
capric acid in the PCM room was much more suitable and available than sensible
heat storage by concrete within the floor in the ordinary room.

Al-Kayiem and Lin [68] conducted outdoor experimental measurements of a flat
plate solar collector integrated with built-in thermal energy storage (TES). The
study investigated three cases, respectively without PCM, with PCM, and with the
Cu-PCM nanocomposite. The integrated solar-TES experimental setup is shown in
Fig. 17. The measurement results of the tank water temperature after 24 h of
operation, were 35.1 °C, 40.1 °C, and 40.7 °C, respectively. The results indicated
that the enhancement of the system using TES with paraffin wax is considerable,
while further enhancement is not significant in the case of nanocomposite.

Chaichan and Kazem [69] took use of Paraffin wax as PCM. The experimental
results showed that the system working time increased to 3 h when PCM added
without sun tracker; further the time was increased to about 5 h with sun tracker by
concentrating dish and adding PCM to the system. Alemrajabi also conducted a
similar experimental study, as a result of using PCM, the time the solar heater could
supply hot water, extended up to 25 % in 80 °C charging mode [70]. Moreover,
Bouadila et al. have achieved the conclusion: the solar collector could remain a
uniform useful heat around 400 W during 5 h after sunset [71]. Mahfuz et al. [72]
also utilized paraffin wax as PCM, and they calculated the total life cycle cost for
different flow rates of the heat transfer fluid. They found that the total life cycle cost
decreased when increased the flow rate. Khalifa et al. [73] integrated a storage solar
collector which consisted of six 80 mm diameter copper pipes connected in series
with a back container of a PCM (paraffin wax) thermal storage media. Schematic
diagram of the construction was showed in Fig. 18. Several tests were conducted
during selected clear and semi-cloudy days in January–March. It was observed that
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in contrast to the increasing trend previously obtained for a similar system without
the PCM back layer, the plate temperature increases up to a distance of 2.5 m from
entrance, after which a nearly steady temperature is noticed for the remaining 7.6 m
of the total length. Moreover, it was found that nearly steady variation in the
system’s useful efficiency for all months.

Chaabane et al. [74] developed two numerical models in three-dimensional
modeling, taking use of two different kinds of PCMs (myristic acid and
RT42-graphite) of the PCMs layer. Numerical results showed the advantage of
PCMs for night thermal losses reduction. Moreover, the use of myristic acid is more
beneficial for this solar application comparing with RT42-graphite. Haillot et al.
[75] evaluated of the performance of the solar domestic hot water systems including
a PCM storage volume in the heat transfer loop. The new system configuration is
shown in Fig. 19. They developed and used a numerical model with an inverse
method to determine the best configuration to maximize the solar fraction or
minimize the electrical consumption. It was shown that the parametric study
highlighted a significant increase of the system efficiency due to the PCM. However
the optimum was not unique and depended upon the meteorological data. Padovan
and Manzan [76] also performed two optimizations for a solar domestic hot water
system with a tank which contained PCM modules to determine the more influence
factor (PCM modules or insulation width). The results showed that the PCM
modules had no improvements of the saved energy while the insulation width had
some. This was mainly because temperatures inside the tank changed largely, which
may weaken the benefits of the latent heat of PCM with a reduced sensible heat
absorbed.

Fig. 17 The experimental
setup of the integrated solar
collector-TES water heater
(Al-Kayiem [68])
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Fig. 18 Schematic diagram of the storage system showing the location of the temperature
measurements inside the wax back layer and on the absorber plate (Khalifa [73])

Fig. 19 Layout of the solar
domestic hot water system
with PCM (Haillot et al. [75])
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4.1.2 Hot Airs by PCM and Solar Energy

One of the potential applications of solar energy is the supply of hot air for heating
buildings during winter. PCM-based thermal storage could be employed in some of
these systems as a peak shaving measure. Drying of various products is another area
in which solar air.

Some new air-based solar thermal systems with PCM were investigated [77]
using laboratory experiments and numerical simulations. Bouadila et al. [78] pro-
posed a new solar air heater with a packed-bed latent storage energy system using
PCM spherical capsules. A schematic arrangement of the solar air heater with phase
change energy storage using spherical capsules and the experimental setup are
given in Figs. 20 and 21, respectively.

Fig. 20 Schematic view [78]

Fig. 21 Experimental setup
[78]
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Esakkimuthu et al. [79] investigated the feasibility of using a latent heat storage
unit with HS 58, an inorganic salt-based PCM, to store the excess solar energy. The
design and modeling of the heat transfer of a solar air heating system were studied
by Arkar et al. [80], which consists of a vacuum tube air solar collector (SC) and
latent heat thermal energy storage (LHTES), and a parametric analysis of the
performance of this system. A novel indirect solar dryer (ISD) design using PCM
was experimentally investigated by Shalaby et al. [81]. The ISD was tested under
no load with and without PCM. The experiment setup is shown in Fig. 22.

Cakmak et al. [82] applied a new dryer for evaluating the drying kinetics of
seeded grapes needing lower moisture value and less drying time. There are an
expanded-surface solar air collector, a solar air collector with PCM and drying
room with swirl element as Fig. 23. A state-of-the-art solar dryer was developed by
Jain and Tewari [107] with thermal energy storage drying plenum with crop trays
and natural ventilation system.

Fig. 22 A schematic diagram of the experiment setup [81]. 1 Solar air heater; 2 Pyranometer; 3
The room wall; 4 The room roof; 5 Flowing air; 6 PVC tube; 7 Inverter; 8 Three phase induction
motor coupled with fan; 9 Pitot tube; 10 U tube manometer; 11 Drying compartment; 12 PCM; 13
Trays; 14 Thermocouple positions

31 A Review of PCM Energy Storage Technology Used in Buildings … 633



4.2 PCM Used in Conditioning System of Indoor Thermal
Environment

4.2.1 Floor Heating System

The present work is focused on the use of PCM in a radiant floor system. Radiant
floor systems have the main advantage of working with lower temperature gradients
compared to other conventional heating elements.

Jeon et al. [83] discusses PCM application methods for residential building using
radiant floor heating systems with the goal of reducing energy consumption.
Figure 24 shows that the Ministry of Land has specified the standard floor for-
mation. It reveals that hot water pipes are built in the floor as the heating medium of
radiant floor heating systems.

4.2.2 Air Condition and Ventilation System

Many different approaches have been studied to use PCM materials for night
cooling and ventilation application, depending on the building material and its
location in the building.

Moreno [84] presents the evaluation of an experimental setup consisting of a
heat pump system coupled to TES tanks, as shown in Fig. 25. The experimentation
was carried out under simulated summer conditions to refrigerate a small like-house
(2.4 � 2.4 � 2.4 m). The results have demonstrated that the PCM storage tank
gives some advantages over the water one.

Fig. 23 Schematic view of manufactured experimental setup [82]

634 S. Lu et al.



Solutions proposed by Álvarez et al. in the MECLIDE project are a combination
of three old types [85], so that they can have been incorporated in the structure of
the building. The solutions of MECLIDE project use PCM in containers. This air
flow is controlled by a control system that can change the air-flow rate, the origin,
and the destination of air flow. They even can stop the system totally.

A new type of ventilated façade including a PCM in its external layer has been
designed by Diarce et al. [86]. This type of façade could be used in new buildings
and in retrofitting processes. It combines the beneficial effects of a ventilated façade
with the suitable thermal properties of a PCM. The prototype façade was designed
to be suitable for use in building restoration. The façade is composed of five
different layers, as shown in Fig. 26.

Fig. 24 Standard floor formation for Korean ministry of land [83]

Fig. 25 PCM thermal energy storage tanks. a A sketch with the main dimensions, b real TES
tanks [84]
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Models for various designs have been developed to study the performance of
PCM integration in building walls. Romero-Sanchez et al. [87] evaluated the
incorporation of PCMs in natural stone. Experimental and computational studies
were conducted to improve the thermal properties of natural stone by exploiting the
associated latent heat storage phenomenon. A study based on the ventilated facade
with PCM in its air chamber was present [88]. Two cubicles were built in an
experimental setup one with this ventilated facade system and the other without.
The results of the LCA show that considering a lifetime of 50 years, the use of this
particular ventilated facade reduces by 7.7 % the overall environmental impact of
the whole building.

4.3 Coupled Application of PCM and Ground Source Heat
Pump System

In recent years, there are more and more studies that have concentrated on the
combination of GSHP and thermal energy storage (TES) system, improving the
accuracy of the models and design method.

Wang et al. [89] carried numerical and experimental study on a solar GSHP
system integrated with PCM as latent heat storage tank (LHST) in Harbin, China. In
order to verify the performance of the system and the model,2 days were chosen to
compare the numerical results with experimental data. Inlet and outlet temperatures
of the water in the LHST, temperature of PCM and storage and emission heat of
LHST were measured. The trends of the variation of numerical results and
experimental data were in close agreement. Bottarelli et al. [90] studied yearly by
taking into account the estimated energy requirement for an assumed residential
building located in Northern Italy. In comparison with the case without PCMs, the
surface temperatures of the ground heat exchangers coupled with PCMs could be
higher in winter and lower in summer by several degrees. This indicates the

Fig. 26 Ventilated façade with filled with PCM [86]
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potential increase in the coefficient of performance of the heat pump. The optimal
control method of GSHP system integrated with PCM cooling storage tank in an
office building was studied by Zhu et al. [91] in an office building in Wuhan, China.
The annual operation cost of the combined system under cooling storage ratio of
40 % was reduced by 63.8 % compared with that without cooling storage. The
annual cost of the GSHP combined PCM cooling storage system under cooling
storage ratio of 40 % was reduced by 34.2 % compared with common GSHP
hybrid cooling tower system without cooling storage.

4.4 PCMs Applied to Electrical Energy Storage

PCMs applied to electrical energy storage for two mainly purposes: shifting elec-
tricity peak load and supplying heat. With the development of economic and
improvement of people’s living standards, the degree of tension in peak period
power supply situation is more serious, while the contradictions between peak
power supply shortage and low surplus become increasingly prominent. The phase
change energy storage technology as an emerging technology can play a good role
in peak power shifting. Thus, PCMs with large thermal energy storage capability
have been widely used for shifting electricity peak load in buildings in recent years.
Many studies have been focused on the load shifting utilizing PCMs.
Through analyzing several publications, most of the researches applied the PCMs
to these systems, such as hot water tank, the underfloor heating system, an inverter
chiller cooling system or domestic heat pumps. These coupling systems can play an
effective role for the electricity peak load shifting; however, these systems also have
their drawbacks. Therefore, the further efforts needed for developing more appli-
cable PCMs or new coupling systems used for electricity load shifting.

Nkwetta et al. [92] investigates the potential of using PCMs to shift the elec-
tricity peak load demand. For this purpose, the study was carried out taking use of a
model that applied PCMs to a validated hot water tank. The results showed that the
combinative application of PCMs in a hot water tank increased the amount of the
stored thermal energy contrasted to the hot water tank without PCMs (only sensible
heat). Moreover, this stored energy and potential in shifting electricity peak load are
directly proportional to the amount of PCM added into the hot water tank.

Sun et al. [93], presents a comprehensive review of the peak load shifting control
strategies using PCMs in commercial buildings. The paper summarized the existing
studies and found that significant benefits can be obtained in peak load reductions
(from 10 to 57 %), overall cost savings (from 11 to 96.6 %) and improved thermal
comfort taking use of no or simple load shifting control strategies.

Phase change thermal storage electric heating is a novel way of heating, it is still
under investigation. It uses a PCM and stores cheap electricity consumed by the
electric film or cable during the night in the form of heat energy for daytime
heating. So you can not only save heating operating costs, but also achieve the peak
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power load shifting. Currently, the wider application of this heating method is
coupled PCM into the radiant floor heating systems as floors can offer large heat
transfer areas within the building. The heat stored in PCMs, is a clean,
energy-saving, convenient, and comfortable choice. Currently, there have been
some studies embarked on research in this area.

Barzin et al. [34] conducted a series of experiments in two identical test huts, as
previously described. Experimental results showed that PCM wallboard coupled in
the underfloor floor heating system resulted in getting benefits from both of the
systems and consequently reducing electricity usage while maintaining the room
temperature within the desired range. Application of this method resulted in sizable
saving of 18.8 % over a five-day period, with a maximum saving of 35 %. What’s
more, the amount of saving mainly depends upon the solar radiation of the day and
the outdoor temperature, as is similar to the conclusion in [94]. Khalifa et al. [73]
adopted a new PCM floor in solar water heating system, and the schematic of the
floor was seen in Fig. 27. By experimental and simulation method, it was indicated
that the use of macroencapsulated PCM as a composite energy storage layer in solar
water floor heating system highly enhance heat storage capacity of the floor. In
addition, there were hardly any degradation for capric acid used as PCM in the
composite PCM layer after 200 accelerated thermal cycles and it is qualified for
latent heat storage.

5 Conclusions

The building efficiency is one of effective solutions to the global warming. As a
significance technology for building efficiency, PCM using in buildings can
decrease the fossil fuel usage by reducing the building energy consumption and
then reduce the emission of GHGs.

Fig. 27 Configuration of the novel PCM floor (Huang et al. [73])
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For the passive application by incorporating PCM into buildings, such as PCM
wall, PCM floor, and PCM gypsum, excess heat/direct solar radiation can be stored
during the interval with room temperature higher than the melting point, and the
heat can be released in the interval with room temperature lower than the freezing
point during the winter season. In summer, the cold energy can be passively stored
or released, and the better performance will be achieved if the passive process can
work together with the natural ventilation because of higher heat convection in
room. PCM can also be actively used in building energy systems, which can be
exampled as the PCM and solar energy hot water/air systems, PCM and floor
heating system, PCM and GSHP system, and so on. The renewable energy,
inclusive of solar energy, shallow geothermal energy, natural cold energy, etc., can
be stored or released by PCM for the building energy supply in the PCM active
application processes, so as to decrease the conventional energy consumption. It
may also work the other way around, extending the cooling/heating effect by PCM
storage tanks to reduce the active energy consumption, for instance, PCM and air
condition and ventilation system.

The benefits of using PCM in buildings mainly revolve building energy con-
sumption reduce and thermal comfort enhancement by adjusting the indoor tem-
perature fluctuation. Besides, because of the enormous energy storage ability of the
PCM, another advantage use, electricity peak load shifting, has been emerged. It
refers to that the heat or cold from electrical heating or electrical refrigeration are
stored by PCM in the valley interval, and then released in the peak interval. The
electricity network loads in the peak period can be alleviated, so as to reduce the
power generation loss, and save the user electric cost in the zones with peak and
valley electric charges.

The PCM technology is a promising and significance method for the global
warming solution, but some difficulties which need to be overcome still existed for
a large-scale promotion of this technology. The series standards, which can regulate
the performance tests of PCM and PCM applications and identify the proper PCM
matching the different climate zone need, are lack. The cost will be increased for the
PCM used in buildings. Hence, the technical economic investigations for the
payback periods for PCM installations are also needed to further conduct. For the
property of PCM, the rise of thermal conductivity usually results in latent heat
storage reducing. Security and environmental protection is still an obstacle for
organic PCM application in buildings.
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