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ABSTRACT

Therma energy storage with phase change materials (PCMs) offers a high thermal
storage density with a moderate temperature variation, and has attracted growing
attention due to its important role in achieving energy conservation in buildings with
thermal comfort. Various methods have been investigated by previous researchers to
incorporate PCMs into the building structures, and it has been found that with the help
of PCMs the indoor temperature fluctuations can be reduced significantly whilst
maintaining desirable thermal comfort. This paper summarises previous works on
latent thermal energy storage in building applications, covering PCMs, the
impregnation methods, current building applications and their thermal performance
analyses, as well as numerical simulation of buildings with PCMs. Over 100 references
areincluded in this paper.
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1. Introduction

Energy and environment are the two major issues facing human beings nowadays.
Industrial developments and popul ation boom in the past few centuries have resulted in
an enormous increase in energy demand with an annual increasing rate at about 2.3%.
Fig.1a and b, respectively, show the energy production from the year 1949 to 2009 and
primary energy flow for the year 2009 in the United States [1]. From which we can see
that on average, fossil fuels account for amost 80% of the total energy production.
However the burning of fossil fuels brought the largest environmental issue ever,
which is climate change caused by CO. emission. Still taking the United States as an
example, the combustion of fossil fuels is responsible for more than 90% of all
greenhouse gas emissions [2]. On this occasion, scientists had begun to research in
renewable energy technologies in order to turn the tide of climate change and achieve a
sustai nable devel opment for human beings.
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Fig. 1 (a) Primary energy production by sources of the United States; (b) Primary
Energy Flow by Source and Sector for the year 2009 [2]

Building is one of the leading sectors of the energy consumption. In the year of 2009,
around 40% of the total fossil energy was consumed in building sector in the United
States and European Union [1]. Furthermore the energy consumption of heating,
ventilation and air conditioning systems is still increasing with the increasing demand
for thermal comfort. Under this circumstance, thermal energy storage systems with
high potentia to save energy in buildings have gained more and more attention.
Thermal energy storage can be generally classified as sensible heat storage and latent
heat storage according to the heat storage media. In sensible heat storage, the heat is
stored or rel eased accompanied with temperature change of the storage media, whereas
in the latent heat storage the heat is stored or released as heat of fusion/solidification
during phase change processes of the storage media. By contrast, latent heat storage
with phase change materials (PCMs) provides a high heat storage density and has the
capability of storing alarge amount of heat during the phase change process with a
small variation of PCM volume and temperature.

Using latent heat storage in the buildings can meet the demand for thermal comfort
and energy conservation purpose. This review paper mainly focuses on latent thermal
energy storage in building applications with Section 2 on the catalog of previous
resources, Section 3 on PCMs, Section 4 on impregnation PCMs into conventional
construction materials, Section 5 on the current building applications and thermal
performance, as well as Section 6 on the numerical simulation for passive solar heating
buildings with PCMs.

2. Summary of resources

Since the importance of sustainable energy has been noticed, many books on energy
storage have been appeared; among of them few books [3-7] are mainly on
low-temperature latent thermal energy storage. Dincer and Rosen [7] gave a generad
description of thermal energy storage, from the definition of fundamental parameters,
thermal energy storage methods, energy and exergy analyses as well as numerical
model and simulation of thermal energy storage. But in these books, the PCMs in
building applications were not mentioned or were just apart of them.

In 1983, Abhat [8] first wrote a review on the low temperature latent heat storage
systems, which gave a useful classification of PCMs. Following, more comprehensive
reviews of latent heat storage systems and their applications have been made. Table 1
gives the relative reviews on the latent heat storage systems up to the present. Most
reviews [8, 10, 11, 14, 17] mainly focused on the PCMs rather than the building
applications. Hariri and Ward [9] presented the first review paper of using thermal
storage system in building applications, which mainly from the theoretical aspects of
sensible and latent heat storage. From 2007, some reviews on possible current building
applications of thermal energy storage have been carried out [15, 16, 18, 19]. It is



apparently that there are a little of reviews on this topic in these two years, one about
enhanced gypsum wallboard and enhance concrete technique [19] and one about the
PCMs used for building applications [20]. However, during these two years many
relative papers of using PCMs in buildings have been published and the technique of
incorporation of PCMs with conventional materials has been improved a lot especially
due to the development of microencapsulated PCMs. Furthermore, the thermal
performance analysis from the simulation aspect, which is very crucial to the buildings
design, was hardly to find out from the previous reviews.

Table 1 Catalog of Reviews on latent heat storage systems relative to building

applications
Ref. Year
Journal Contents
Latent heat storage in temperature range 0-120C was
reviewed from the aspects of thermal properties and
[8] Solar Energy 1983 . ) .
long term stability of different kinds of PCMs as well as
corrosion problems.
. Thermal storage system used in building applications
Building and . . . .
[9] , 1988  was reviewed including sensible heat storage and latent
Environment . .
heat storage, mainly from the theoretical aspect.
A review on thermal energy storage was given from
[10] Applied Thermal 2003 materials to applications. The numerical solutions
Engineering considering conduction and convection were aso
involved.
[11] Energy Conversion 2004 The materias in general for thermal energy storage and
and Management main applications of PCM s were presented.
. They gave a summary for the previous researches on
Energy Conversion , . , : .
[12] 2004  incorporating PCMs into construction materials, such as
and Management o
concrete, gypsum wallboard, ceiling and floor.
Renewable and They summarized various methods of heating and
[13] Sustainable Energy 2007  cooling in buildings and latent heat storage applications
Reviews for passive and active energy storage.
Renewable and Applications of solar energy were introduced from the
[14]  Sustainable Energy 2007 following aspects: passive and active solar heating
Reviews system, solar green house and solar cookers,
They gave some operative principles of applying PCMs
into the buildings, such as building envelops,
[15] Building and 2007 under-floor electric heating and night ventilation. They
Environment also summarized current PCM applications in buildings.
Most important, they gave a future outlook for this
project.
Renewable and ) ) ) )
i They presented a detailed review on PCM incorporation
[16]  Sustainable Energy 2008

Reviews

in buildings for space heating and space cooling.




[17]

[18]

[19]

[20]

Renewable and
Sustainable Energy
Reviews

Energy Conversion
and Management

Energy and
Buildings

Renewable and
Sustainable Energy
Reviews

2009

2009

2010

2011

They reviewed thermal energy storage from theoretical
and numerical aspects and aso gave the main
applications of thermal energy storage.

The dynamic characteristics and thermal performance of
the active and passive building applications were
reviewed.

They reviewed the PCMs used for buildings and
outlined the building applications such as enhanced
gypsum wallboards, enhanced concrete and enhanced
insulated materials.

They gave a comprehensive review on the PCMsused in
energy storage in  the
thermophysical  properties,

buildings, including
long term stability,
encapsulated technique and fire risk.

3. Phase change materials

3.1. Classification

Based on phase change state, PCMs fal into three groups: solid-solid PCMs,
soliddiquid PCMs and liquid-gas PCMs. Among them the solid-liquid PCMs are most
suitable for thermal energy storage. The solid-liquid PCMs comprise organic PCMs,
inorganic PCMs and eutectics, seen in Fig. 2. A comparison of these different kinds of
PCMsislisted in Table 2.

Phase Change Materials

— Paraffin
Organic Compounds Fatty Acids
— Salt Hydrates
Inorganic Compounds Metallics

] Organic-Organic

Eutectics Inorganic-Organic

— Inorganic-Inorganic

Fig.2 PCMs classification



Table 2 Comparison of different kinds of PCM s

Classification Advantages Disadvantages
Organic PCMs 1. Availability in alarge temperaturerange 1. Low thermal conductivity
2. High heat of fusion 2. Relative large volume
3. No supercooling, change
4. Chemically stable and recyclable 3.Flammability
5. Good compatibility with other materials
Inorganic PCMs 1. High heat of fusion 1. Supercooling
2. High thermal conductivity 2. Corrosion
3. Low volume change
4. Availability in low cost
Eutectics 1. Sharp melting temperature Lack of currently available

2. High volumetric thermal storage density

test data of thermo-physical
properties

3.2. Criteria of PCMs selection

The melting temperature and phase change enthalpy of existing PCMs are shown in
Fig. 3 [21]. From the point of melting temperature it can be seen that for latent heat
storage in building applications, the potential PCMs are paraffin, faity acids, salt
hydrates and eutectic mixtures.

To be a desirable material used in latent heat storage systems, the following criteria

need to be met: thermodynamic, kinetic, chemical and economic properties, which are
shown in Table 3[8].
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Table 3 Selection criteria[§]

Melting temperature in desired range
High latent heat of fusion per unit volume
High thermal conductivity

Thermodynami
ermodynamic High specific heat and high density

Properties )
Small volume changes on phase transformation and small vapor pressure at

operating temperatures to reduce the containment problems
Congruent melting

High nucleation rate to avoid super cooling
Kinetic Properties High rate of crystal growth to meet demands of heat recovery from the

storage system

Complete reversible freezing/melting cycle

Chemical stability

No degradation after alarge number of freezing/melting cycle
No corrosiveness

Chemical
Properties

No toxic, no flammable and no explosive material

Economic Effective cost

®EOOWOE OO0 OemeEO

Properties Large-scale availabilities

3.3. Measurement of thermal properties of PCMs

The process of selecting a suitable PCM is very complicated but crucia for thermal
energy storage. The potential PCM should have a suitable melting temperature,
desirable heat of fusion and thermal conductivity specified by the practical application.
Thus, the methods of measuring the thermal properties of PCMs are very important.
There are many existing measurement techniques, among which differential scanning
calorimetry (DSC) and differential thermal analysis (DTA) are most commonly used.

3.3.1. Differential scanning calorimetry (DSC)

In DSC test, the sample and the reference (with known thermal properties) are
maintained at the almost same temperature throughout measurement process, and by
measuring the difference of heat added between the sample and the reference, many
thermal properties of the sample can be obtained, such as heat of fusion, heat capacity
and melting/solidification temperature.

The DSC method can also be used for analysing the thermal properties of
PCM -wallboards. Through DSC test, not only can the melting temperature and heat of
fusion of PCM be obtained, but also the distribution of PCM in wallboard, the heat
storage capacity of PCM-wallboard and the effect of multiple thermal cycling on
thermal properties of PCM's can be tested.

3.3.2. Differential thermal analysis (DTA)

In DTA test, the heat applied to the sample and the reference remains the same
(rather than the temperature in DSC test). The phase change and other thermal
properties can then be tested through the temperature difference between the sample



and the reference.

3.3.3. T-history method

Zhang et a. [22] anaysed the limitations of conventional methods including
conventional calorimetry, DSC and DTA, and then put forward a new method called
T-history method to determine the melting temperature, degree of supercooling, heat of
fusion, specific heat and thermal conductivity of PCMs. They made the measurement
of some PCMs through this method and found a desirable agreement between their test
results and experimental date available in literatures. Hong et al. [23] modified
T-history method by improving some improper assumptions in the method by Zhang et
a. [22]. Peck et a. [24] also improved this measurement method by setting the test
tube horizontally which can minimise the temperature difference along the longitudinal
direction of the test tube to get more accurate data from T-history method.

3.4. Thermal stability of PCMs

The long term stability of the PCMs is required by the practical applications of latent
heat storage, and therefore there should not be major changes in thermal properties of
PCMs after undergoing a great number of thermal cycles. Therma cycling tests to
check the stability of PCMs in latent heat storage systems were carried out for organics,
salt hydrates and salt hydrates mixtures by many researchers [25-29]. Some potential
PCMs were identified to have good stability and thermo-physical properties. Recently,
Shukla et al. [30] carried out the thermal cycling tests for some organic and inorganic
PCMs selected based on thermal, chemical and kinetic criteria shown in Table 1, and
their results showed that organic PCMs tend to have better thermal stabilities than
inorganic PCMs. Tyagi and Buddhi [31] conducted the thermal cycling test for calcium
chloride hexahydrate and found minor changes in the melting temperature and heat of
fusion, only about 1-1.5°C and 4% average variation respectively during the 1000
thermal cycles. They recommend the calcium chloride hexahydrate be a promising
PCM for applications.

3.5. Potential PCMs for building applications

Thermal comfort can be defined by the operating temperature that varies by the time
of the year. The ASHRAE (American Society of Heating, Refrigerating and
Air-Conditioning Engineers) have listed suggested temperatures and air flow rates in
different types of buildings and environmental circumstances. Normally, the suggested
room temperature is 23.5°C- 25.5°C in the summer and 21.0°C-23.0C in the winter.
In the building applications, the PCMs with a phase change temperature (18-30C) are
preferred to meet the need of thermal comfort. Some potential PCMs are listed here,
including organic PCMs, salt hydrates and eutectics, as well as commercia PCMs,
seen as Table 4 and Table 5.



Table 4 Thermal properties of potential PCMs

Melting Heat of fusion  Specific Heat Thermal
PCMs Type Temperature Conductivit Ref.
P > (kI /kg) (KI/kg-K) Y
(C) (W/m-K)
Paraffin Ci5-Cig Organic 20-22 152 [6,10,13]
Paraffin Cy3-Cas Organic 22-24 189 21 021 [6,10,13]
. . [6,10,13,1
Paraffin C;g Organic 28 244 2.16 0.15 7
Butyl stearate Organic 19 140 [6,10,13]
1-Dodecanol Organic 26 200 [10,13]
n-Octadecane Organic 28 200 [10]
Vinyl stearate Organic 27-29 122 [6,10,13]
Dimethyl sabacate ~ Organic 21 120-135 [6,10,13]
Polyglycol E600 Organic 22 127.2 0.1897 (1) [6,10,13]
45/55 capric + Organic
.cap ) 9 i 21 143 [6,10,13
lauric acid eutectic
Propyl pamitate Organic 19 186 [6,13]
Octadecyl
3-mencaptopropyla  Organic 21 143 [6]
te
Hydrate 1.84 (9
KF -4H,0 185 231 8,13
2 sdlts 2.39 (1) [8,13]
Hydrate
Mn(NO;)- 6H,0 y 25.8 125.9 [6,10]
salts
Hydrate
CaCl, -6H,0 Y 29.7 171 1.45(s) - [6,10,12]
sts
CaCl, - 6H,0+ Nucleat | _
norganic
+MgCl,-6H,0(2:1) 9 . 25 127 [6,10,13]
eutectics
48%CaCl, + 4.3%NaCl .
0.49%KCl +47.3%H,0 NOrganic 26.8 188 6,10,13]

eutectics




Table 5 Thermal properties of commercial PCMs [13, 16]

Heat of

Melting (S Specific Heat Thermal
usion
PCMs Tempzerature (kJ /kg-K) Conductivity source
(C) (kJ /kg) (W /m-K)
RT 20 22 172 Rubitherm GmbH
2.9(9) 1.02(s) )
RT 25 25 147 Rubitherm GmbH
2.1(1) 0.56(1)
1.8(s) )
RT 27 26-28 179 0.2 Rubitherm GmbH
2.4(1)
Mitsubishi
STL 27 27 213 )
Chemicals
Climsel C23 23 148 ---- Climator
Climsel C24 24 216 Climator
S27 27 190 129 0-79(9 Cristopi
2.22(1) 0.48 (1) risiopia
TH 29 29 188 TEAP
SP22A 17 22 150 0.6 Rubitherm GmbH
SP25A 8 25 180 25 0.6 Rubitherm GmbH
SP 29 29 157 0.6 Rubitherm GmbH

3.6. Heat transfer enhancement

Most PCMs suffer from the common problem of low thermal conductivities, being
around 0.2 W/m-K for paraffin wax and 0.5 W/m-K for hydrated salts and
eutectics, which prolong the charging and discharging periods. Various techniques have
been proposed to enhance the thermal conductivities of the PCMs, such as filling
high-conductivity particles into PCMs [32], incorporating porous matrix materials into
PCMs [33-38], inserting fibrous materials [39], as well as macro and micro
encapsul ating the PCMs [ 40, 41]

Bugaje [ 32] reported that the phase change time is one of the most important design
parameters in latent heat storage systems and found adding aluminum additives into
paraffin wax can significantly reduce the phase change time in heating and cooling
processes. However, this method results in weight increasing and high cost of the
system. Meta foams manufactured by sintering method, have many desirable
characteristics such as low density, large specific surface area, high specific
strength-to-density ratio as well as high thermal conductivity. All these desirable
properties offered by metal foams make them to be promising in heat transfer
enhancement for PCMs. Boomsma et al. [33] found using open-cell metal foams in
compact heat exchangers generated thermal resistances twice and three times lower
than the best commercially available heat exchanger tested. Thermal transport in high
porosity open-cell metal foams was experimentally and numerically investigated in Ref.
[34, 35], in which it is found that the effective thermal conductivity increases rapidly



as temperature increases and porosity decreases. Tian and Zhao [36] conducted a
numerical and experimental investigation of heat transfer in PCMs enhanced by metal
foams, and their experiment showed a significant increase of heat transfer rate. Their
numerical simulations employed two-equation non-thermal equilibrium model to
account for coupled heat conduction and natural convection, and a good agreement
with experimental data was achieved. They reported that metal foams suppress natural
convection whilst promoting heat conduction significantly, with the overall heat
transfer rate still being higher than the pure PCMs. Py et a. [38] impregnated paraffin
wax in a graphite matrix by employing capillary forces, and a high thermal
conductivity and stable power output were observed. Fukai et al. [39] found carbon
fibers improved the heat exchange rate during the charge and discharge processes even
when the volume fractions of carbon fibers were only about 1%. Zhou et a. [42]
carried out relevant experiments to compare the effects of metal foams and graphite
materials on heat transfer enhancement, and the results indicate that both metal foams
and expanded graphite can enhance heat transfer rate in thermal storage system, with
metal foams showing a much better performance than expanded graphite.

4. Impregnation of PCMsinto construction materials

4.1. Incorporation methods

4.1.1. Traditional methods

Hawes et al. [43] reported that the three most promising methods of PCMs to be
incorporated in the conventional construction materials were direct incorporation,
immersion and encapsulation. They also found that the melting and freezing
temperatures of PCMs varied slightly when being incorporated in building materials.

(1) Direct incorporation: It is the simplest method in which liquid or powdered
PCMs are directly added to building materials such as gypsum, concrete or plaster
during production. No extra equipment is needed in this method but leakage and
incompatible with construction materials may be the biggest problems.

(2) Immersion: It is a technology in which the building structure components, such
as gypsum, brick or concrete, are dipped into melted PCMs and then absorb PCMs into
their internal pores with the help of capillary elevation. While some researchers
pointed out this method may have a leakage problem which is not good for long-term
use. Directly incorporation and immersion have different operation processes, but they
both incorporate PCMs directly in conventional construction materials.

(3) Macroencapsulation: The technology with PCMs encapsulated in a container, for
example, tubes, spheres or panels, is called macroencapsulation. The RUBITHERM®
produces a kind of PCM panels caled CSM modules which were made from
aluminum with an efficient anti-corrosion coating, shown in Fig. 4 [44]. They can fit
many commercial PCMs. With macroencapsulated PCMs, the |eakage problem can be
avoided and the function of the construction structure can be less affected. It has the
disadvantages of poor thermal conductivity, tendency of solidification at the edges and
complicated integration to the building materials.



Fig. 4 CSM panel containing the PCM [44]

4.1.2. Microencapsulation

Nowadays, microencapsulated PCMs have been used in thermal energy storage of
buildings. Microencapsulation is a technology in which PCM particles are enclosed in
a thin, sealed and high molecular weight polymeric film maintaining the shape and
preventing PCM from leakage during the phase change process. It is much easier and
more economic to incorporate the microencapsulated PCMs into construction
materials.

Hawlader et al. [45] conducted therma anayses and therma cycle tests on
microencapsulated paraffin and found that the microencapsulated paraffin still kept its
geometrical profile and heat capacity after 1000 cycles. Some researchers think that the
microencapsulated PCMs incorporated in the buildings structures may affect the
mechanical strength of the structure. Cabeza et al. [46] designed two concrete cubicles
with the same shape and size, one with microencapsulated PCMs called Mopcon
concrete and the other one without PCMs respectively, in order to find the possibility
of using microencapsulated PCMs in construction materialsto achieve sizable energy
conservation without significantly decreasing the mechanical strength of the concrete
structures at the same time. They found Mopcon concrete reached a compressive
strength over 25MPa and a tensile splitting strength over 6M Pawhich had already met
the requirements in genera structural purpose. However, the applications of
microencapsulated PCMs still need further investigation in the aspect of safety, such as
fire retardation capability etc. Recently, National Gypsum produced a kind of
wallboard panels with Mirconal PCM produced by BASF. This kind of panelsis called
National Gypsum Thermal CORE Panel, shown in Fig. 5. The melting point and latent
capacity are 23°C and 22 BTU/ft2, respectively.
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Fig. 5 (@) Gypsum wall board with Microna® PCM (from BASF);
(b) Therma CORE phase-change drywall (from National Gypsum)

4.1.3. Shape-stabilised PCMs

Shape-stabilised PCMs, in which the PCM (like paraffin) is dispersed in another
phase of supporting materia (high density polyethylene etc.) to form a stable
composite material., are attracting increasing attention due to their large apparent
specific heat, suitable thermal conductivity, the ability to keep the shape of PCM
stabilised in phase change process, as well as a good performance of multiple thermal
cycles over a long period [47-49]. Zhang et a. [50] considered the shape-stabilised
PCM, which is shown in Fig. 6, and found that it can make the thermal storage system
simpler as it does not need special devices or containers to encapsulate the PCM.
Based on the above benefits of this shape-stablised PCM, they also proposed its
potential application in efficient buildings used as inner linings, such as inner wall,
ceiling and floor. Zhou et a. [51] simulated the therma performance of a middie
direct-gain room with the shape-stabilised PCM plates as inner linings and examined
severa influencing factorsto thermal performance such as melting temperature, heat of
fusion, location and board thickness of the shape-stabilised PCM. Their results
indicated the PCM plates were advantageous in direct-gain passive solar houses.

BT

Fig. 6 Shape-stabilised PCM plate [50]



4.2. Containers

The conventional construction materials, such as gypsum board, concrete, brick and
plaster, can be used to hold the PCMs. Some other panels, such as PVC panels, CSM
panels, plastic and aluminium foils can also be used to encapsulated PCMs. Table 6
lists some containers for impregnating PCMs and the relative PCMsiin literature.

Table 6 Materials for impregnating PCMs and the relative PCMsin literature

Ref. Containers PCMs Percentage
of PCMs
[52] Gypsum board Butyl Stearate ~25%
[53-55] Gypsum board Mixture of Butyl Stearate-Palmitate ~20%
[56,57] Gypsum board Eutectic mixtures of capric acid and lauricacid ~ 26%
[58] PV C panel Polyethylene glycol
[46] Concrete Micronal 1IPCM (from BASF)
[59] Stainless steel panel (48% CaCl2 + 4.3% NaCl + 0.4% KCI + 47.3%
H,O
[60,61] Copolymer Paraffin wax 60%
[44] CSM panel withbrick RT27; SP25A 8
[62] Gypsum board MPCM 28D 23%, 30%
40%
[63] Aluminium Paraffin A22; Paraffin A26
[64] Honeycomb panel Mixture of Tetradecane and Octadecane
[65] Concrete (Regular Butyl stearate (Autoclaved block) 5.6%
block; Autoclaved Unicere 55 (Autoclaved block) 8.6%
block) Unicere 55 (Regular block) 3.9%

5. Current applications and thermal performance

5.1. PCM wallboard

PCM wallboard is considered to be an effective and less costly replacement of
standard thermal mass to store solar heat in buildings, in which the PCM is imbedded
into a gypsum board, plaster or other building structures. The thermal characteristics of
PCM wallboard are very close to those of PCMs aone, and when a PCM wallboard is
cut, a greater concentration of PCM lies in the outer third of the wallboard thickness
near each face due to the diffusion process [52].

Scalat et a. [55] considered that using PCM wallboard could maintain room
temperature within the human comfort zone for longer periods of time after the heating
or cooling system was shut off. Athienitis et al. [ 52] used a gypsum board impregnated
with a PCM in a direct-gain outdoor test room to investigate the thermal performance
of PCM gypsum board used in a passive solar building. The results showed that the
room temperature can be reduced by amaximum 4°C during the daytime. Neeper [66]



impregnated fatty acid and paraffin waxes into the gypsum wallboard and examined
the thermal dynamics under the diurna variation of room temperature (the radiation
absorbed was not considered) with the PCM on interior partion and exterior partion
respectively. Their investigation indicated that when the PCM’s melting temperature
was close to the average room temperature the maximum diurnal energy storage
occurred and diurna energy storage decreased if the phase change transition occurred
over arange of temperature.

In order to evaluate the capacity of PCM to stabilise the internal environment when
there were externa temperature changes and solar radiations, Kuznik et a. [60]
designed an experimental test room MINIBAT using a battery of 12 spotlights to
simulate an artificial sunning and they got the results that the PCM wallboard can
reduce the air temperature fluctuations in the room and enhance the natural convection
mixing of the air, avoiding uncomfortable thermal stratifications. Kuznik and Virgone
[61] also tested two identical test cells under two kinds of external temperature
evolutions, heating and cooling steps with various slopes and sinusoidal temperature
evolution with 24h period. They found there was time lag between indoor and outdoor
temperature evolutions and the external temperature amplitude in the cell was reduced.

Lv et a. [57] built an ordinary room as well as a room using PCM gypsum
wallboard in the northeast of China and they found that the PCM wallboards can
attenuate indoor air fluctuation, reduce the heat transfer to outdoor air and have the
function to keep warm. Recently, Kuznik [67] used Dupont de Nemours PCM
wallboards for the renovation of atertiary building and found they were really efficient
if the outside temperature was varying in melting temperature by monitoring the
building for awhole year.

Some researchers reported that using a vacuum isolation panel (VIP) in a wallboard
can reduce the thermal loss and improve efficiency for lightweight buildings. Two test
cells were designed by Ahmad et a. [58] and each cell consisted of one glazed face
and five opague faces insulated with VIPs. One of the cells was equipped with five
PCM panels. The cross structure with PCM wallboard and VIP is shown in Fig. 7. The
amplitude of temperature variation inside the cell with PCM panels was decreased by
20°C. Sointhewinter it helped to prevent negative indoor temperature efficiently. The
PCM panels still showed a good thermal storage capability even after more than 480
thermal cycles.

Fibre cement 6 mm

r

VIP 17 mm )

’J PCM panel 25 mm (

Plywood 5 mm
"""




Fig. 7 Cross structure of PCM wallboard with VIP[58]

5.2. PCM walls

Another method of applying PCMs into building structures is to incorporate PCMs
into concrete matrix or open cell cements. Thiscomposite is called thermocrete. Hawes
et a. [68, 69] reported that concrete modification and PCM incorporation techniques
greatly affected the thermal storage capacity after studying the thermal performance of
PCMs in different types of concrete blocks. However, concrete strength was
significantly reduced by application of PCMs [70]. Cabeza et a. [46] studied a new
innovative concrete with PCM on thermal aspects in order to develop a product which
would not affect the mechanical strength of the concrete wall. They set up two real size
concrete cubicles to demonstrate the possibility of using microencapsulated PCM in
concrete. They found that the concrete reached a compressive strength over 25 MPa
and atensile splitting strength over 6 MPa and no difference occurred in the effects of
the PCM after 6 months of operation. Baetens et al. [71] reported that enhancing
thermal mass of concrete buildings seemed better than the use of PCM wallboards,
however, the high cost of PCMswas the biggest concern.

5.3. Floors and ceilingsfor passive solar heating

Investigations on PCM floors and PCM ceilings for passive solar heating have been
carried out during past few years. Xu et a. [72] used shape-stabilised PCM floor in
passive solar buildings and developed a model to analyse how various factors influence
the thermal performance, such as, thickness of PCM layer, melting temperature, heat of
fusion and thermal conductivity of PCM. They indicated that the heat of fusion and
thermal conductivity of PCM should be larger than 120 kJkg and 0.5 W/ m-K and
thickness of shape-stabilized PCM plate should not be larger than 20mm.

Pasupathy and Velrgj [ 73] studied the effect of the building with PCM panel on the
roof from the aspect of the location and thickness. They recommended a double layer
PCM to be incorporated in the roof to narrow indoor air temperature variation and to
better suit for all seasons.

5.4. Shutters

Mehling [74] firstly presented his report at g" Expert Meeting and Work Shop on the
“Innovative PCM-technologies’. He recommended that the maximum shading
temperature be delayed by 3 hours and room temperature be reduced by 2°C with the
application of the PCM shutter. The photograph of PCM shutter is shown in Fig. 8.



Fig. 8 PCM shutter [74]

Active heating and night cooling use electrical or mechanical equipment to store
heat for future use or cause air-movement for ventilation or cooling. In building
applications, PCMs are often incorporated into the building envelops such as
wallboards, walls, floors, ceilings and shutters.

5.5. PCM ceilings for active heating and cooling

Ceiling boards incorporated with PCMs for air conditioning systems play an
effective role on the peak shaving control. A research team working in the University
of South Australia [75] have developed a roof-integrated solar air heating storage
system in 1997, shown as Fig. 9. The latent heat storage unit, in which an existing
corrugated iron roof sheet is used as solar collector, isto store heat during the day and
supply the heat at night or when sunshine is unavailable.
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Fig. 9 Outline of asolar air heating storage system [ 75]

Kondo and Iwamoto [76] designed a rock wool PCM ceiling board with
microcapsule PCM s for an office building. The outline of this system is pictured in Fig.
10. During the overnight thermal storage, the cool air from the AHU using cut-rate
electricity flows into the ceiling chamber space and chills the PCM ceiling board.



During the normal cooling time, the cool ar from the AHU flows directly into the
room. During the peak shaving time, the air from the room returns to the AHU via the
ceiling chamber space. When it passes through the PCM ceiling board, the warm air
returning from the room is pre-cooled on its way back to the AHU. They found the
load on air-handling unit (AHU) reduced during the peak shaving control period and
also suggested the ceiling board needed improvement because of the flammability.
Besides experimental analysis, many numerical works were also carried out on the
thermal performance analyses of this system [77, 78].
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Fig. 10 Ouitline of the ceiling board system [76]

Koschenz and Lehmann [79] put forward a new concept of thermally actived ceiling
panel for refurbished buildings. In this system, the mixture of microencapsulated PCM
and gypsum was poured into a sheet steel tray which was used as a support for
maintaining the mechanical stability of the panels. A capillary water tube system was
applied to control the thermal mass. They tested the therma performance of this
system and indicated that only a 5cm layer of microencapsulated PCM and gypsum
was enough for a standard office to keep within comfortable temperatures

Another new approach proposed was that applying microencapsulated PCM slurry
in cooled ceiling system. MPCM dlurry worked as heat transfer and heat storage media.
The flow and heat transfer characteristics of MPCM dlurries have been investigated in
recent years [80-84]. Wang and Niu [85] designed a combining system of cooled
ceiling and MPCM durry storage (Fig. 11) which was considered as the best one
among three different systems: cooled ceiling combined with MPCM dlurry storage,
cooled ceiling with ice storage and cooled ceiling without thermal storage from both
energy saving and cooling demand shifting aspects.
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5.6. Under floor electric heating systemwith PCMs

Floor heating systems can be charged by using cheap night-time electricity and
discharge the heat stored at the daytime. The shift of electricity consumption from peak
periods to off-peak periods would provide significant economic benefits. Lin et al. [86]
introduced an under-floor electric heating system with shape-stabilised PCM plates and
ductless air supply, which realy has good application feasibility. For the following
work, they also built a model to anayse the thermal performance of this heating
system as well as several influencing factors to the thermal performance in the system

[87].

5.7. Night cooling

Free cooling is a concept developed for air conditioning applications, in which
coolnessis collected from ambient air during night and is released into the room during
the hottest hours of the day. Vakilatojjar and Saman [88] developed a model to anayse
the phase change storage system for air conditioning applications. They found smaller
air gaps and thinner PCM dabs could deliver better thermal performance. Kang et al.
[89] proposed a new kind of Night Ventilation with PCM Packed Bed Storage (NVP)
system, shown in Fig. 12. At night, the outdoor air was blown through the latent heat
thermal storage system to charge coolness to PCMs, whilst in the daytime the coolness
was stored by PCMs at night.
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6. Numerical smulation of buildingswith PCMs

6.1 Parameters for evaluation

Thermal resistance R, heat storage coefficient S and index of thermal inertia D are
considered to be the most commonly used parameters to evaluate the thermal
performance of the buildings.

6.1.1. ‘Timelag’ and ‘ decrement factor’

For a passive solar heating buildings, the temperature variation at the inside surface
is caused by the daily variation of outdoor temperature. The heat wave flows slowly
through the wall causing a ‘time lag’ of the peak temperatures of outdoor surface and
indoor surface. The decreasing rate of the heat wave amplitude is called ‘ decrement
factor’. The ‘time lag’ and ‘decrement factor’, representing the thermal inertia, are of
practica for the wall design [90]. Asan and Sancaktar [91] gave the schematics of
‘time lag’ and ‘decrement factor’, seen as Fig. 13 and also determined the detailed
effects of thermal conductivity, heat capacity and wall thickness on them. Ulgen [92]
found many parameters such as wall formations, positions and thermal behaviors can
affect the ‘time lag’ and ‘ decrement factor’ through lots of experiments and simulations.
Kontoleon and Eumorfopoulou [93] made an investigation on the effect of wall
orientation and solar absorptivity on ‘time lag’ and ‘ decrement factor’ for different wall
formations under the Mediterranean climate. The results showed that the optimum of
wall thermal formations depended on the type and operation of the building, the
desired comfort level, the presence or absence of air-conditioning units, the existing
glazing surfaces as well asthe outdoor environment
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Fig. 13 The schematics of ‘timelag’ and ‘ decrement factor’ [91]

6.1.2. Equivalent temperature difference

The total equivalent temperature difference (TETD), the function of the time lag,
decrement factor and sol-air temperature, is a method for calculating cooling load due
to heat gain from the walls or flat roofs. Kaska et al. [94, 95] experimentally and
numerically studied the ‘time lag’, ‘decrement factor’ and TETD of eight types of
walls and two types of flat roofs in Turkey. They found the highest TETD values were
obtained for the west direction due to the high outside air temperature and high solar
radiation flux in the afternoon which isrevealed in Fig.14. Antonopoul os and K oronaki
[96, 97] considered that the effective thermal capacitance, the time constant and the
thermal delay are the key parameters controlling the dynamic thermal behaviors of the
buildings. They calculated them by using many numerical simulations, and aso
developed the correlations of these important parameters, in term of the thickness of
the exterior wall layers, the surface percentage of brickworks or reinforced concrete
parts.

6.1.3. U-value and R-value

The U-value, thermal transmittance, which is the inverse of R-value, can be obtained
from handbooks and engineering calculations. Feuermann [98] thought the calculated
values had a large uncertainty due to many assumptions made in the simulation and
experimental determination of thermal transmittance might be needed. It is important
to define some simple but effective models to estimate the actual U-value under certain
condition. Detecting the wall thermal resistance is affected by actual conditions, such
as solar radiation, wind speed, rainwater and wall humidity.

6.2. PCM walls design methodol ogy

Peippo et a. [99] optimized the PCM in Finland and Wisconsin, based on the
researches by Charach et a. [100] and Drake [101]. They found a phase change
temperature of 1-3°C higher than the average room temperature can get optimal
diurnal heat storage results. The optimal phase change temperature and thickness of the
PCM pandl are presented as following [100, 101]:

=, Q
T =T + 1
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Where T, isoptimal phase change temperature and D,, isoptimal thickness of the

wall; Q is heat absorbed by unit area of the room surface; T. is the average room
temperature; h is average heat transfer coefficient between wall surface and
surroundings; p is the density of PCMs, AH is latent heat of fusion; T is the
temperature and t is the time; the subscripts n and d represent night and daytime
respectively.

A numerical process for the optimal thickness of PCM wallboard was performed by
Kuznik et a. [102]. The work was based on atest case of alight-weight wall and a 24h
period for temperature evolutions, with an optimal thickness of 1cm was presented.
They also indicated the optimization should be made with considering the thermal
dynamics of an entire room. Zhang and Xu [72] found the optima phase change
temperature was roughly equal to the average indoor air temperature of sunny winter
days after studying the thermal performance of SSPCM floor. Neeper [66] aso
concluded the optima phase change temperature equalled the average room
temperature can achieve the maximum diurnal energy storage. Xiao et a. [103]
presented the optima phase change temperature not only depends on the indoor air
temperature but also on the radiation absorbed by the PCM panels.

6.3. Numerical ssmulation for passive solar heating

Passive solar heating with PCMs is quite easy to realise with integrating the PCMs into
the construction materials as part of building envelops thus is the most widely used
method to meet the therma comfort. The simulations on thermal performance of the
PCM walls were carried out in a number of studies [51, 58, 59, 99, 102, 104-111].
Table 7 islisted some simulation works on the PCM walls.

Table 7 Simulation works on the PCM walls

Ref. | PCM wallboards Location Modelling Target
[99] | Plasterboard with | Inside A building energy Optimal phase change
30% fatty-acid surface  of | ssimulation code FHOUSE temperature
south-facing
room
[58] | Plasterboard with | Wall A numerical simulation with the | Evaluating the efficiency of
PEG 600 TRNSY S software PCM wallboard with a vacuum

insulation panel

[102] | Wallboard with | Wall of a | In-house software CODYMUR | Optimization of PCM thickness

60% of | lightweight
micro-encapsulated | building




paraffin

[104] | Concrete with 25 | Trombewall | A CFD code ‘SCIENCE’ Evaluating energy consumption
wit% inorganic
PCMs
[105] | Gypsum Internal ESP-r program Evaluating energy consumption.
compounds  with | room lining
fatty acids
[106] | Sandwich panels | Prefabricated | A finite element numerical | Evaluating the energy
with PCMs walls algorithm performances of the panels
[107] | A kind of eutectic | Wall VAR model Estimation of the energetic
sats improvements of using PCM
dry walls
[108] | Randomly-mixed Wall An implicit finite difference | Assessing the thermal
and laminated method based on the fixed mesh | effectiveness of phase change
PCM drywalls method drywalls
[59] | A stainless steel Roof Finite volume method isused in | Analysing the thermal
panel a mathematic model performance of the roof
filled with PCM of a building incorporating
PCM
[51] | SSPCM Inner An enthal py model Analysing thermal performance
surfaces and
ceiling
[109] | ---- Internal and | A quasi-steady state method | Analysing and evaluating the
external of | was used and two new | energy-efficient effects
the wall parameters ‘a’ and ‘Dt’ were put
forward
[110] | ENERGAIN Inside A new TRNSYS Type, Type | Evaluating thermal performance
surface of an | 260
external wall
[111] | Gypsum  wallboard | Wall A mathematical model based on | Investigating the effect of

with RT 27

the Fourier heat conduction
equation

different PCMs content to the
thermal performance

7. Conclusion

In this paper, previous research works on thermal energy storage with PCMs for
building applications have been reviewed. The PCMs to be used in buildings need to
meet thermal comfort criteria, meaning the phase change temperature of PCMs should
be between 18°C to 30 “C. In addition, the properties such as chemical stability, fire
characteristics and compatibility with constructional materials also need to be
considered in the PCMs selections. Latent heat storage with PCMs hasbeen used in the
walls, ceilings and floors, showing a significant impact on reducing the temperature
fluctuation by storing the solar energy during the sunlight hours for passive solar




heating. It is aso useful for off-peak thermal storage, ventilation and cooling. Some
simulation works are also reviewed which can give guidance for PCM- buildings
design. No matter from the experimental works or simulation works, it is clearly that
incorporating PCMs into the building structures can significantly reduce the indoor
temperature fluctuations. However further investigations still need to be carried out on
the incorporation methods for PCMs to be embedded in existing building structures,
long-term stability and any other problems which may affect the safety, reliability and
practicability of the thermal energy storage used in buildings.
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