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Abstract
The demand for energy increases around Australia because of the massive growth in
population and industrial sector, which lead to Increase energy supply. A result of this
growth, Increase in the consumption of fossil fuel and that produce more CO2 emission.
Many scientist and engineers claimed. Phase change material (PCM) considered a great
option in the residential building to save energy and thermal comfort. From this concept,
the thesis purposes are to analyse and investigate PCM performance in passive cooling in
the residential ceiling by modelling, and experiment methods whether PCM will save cost
and reduce CO2 emission.
The method was divided into two parts the first one in modelling and the second part is
experimenting. The first part was by modelling the PCM with other types of insulations in
the ceiling with the consideration of weather data history around Murdoch University
location and the measurement of the whole ceiling design. OPAQUE 3.0 beta software has
been used to calculate all of heat gain, heat loss, and an energy reduction of the system in
summer and winter. The second part was the experiment and analysed the effect of PCM in
the small-scale build that symbolises house with the ceiling. Three-way valve and 5v fans
used to control airflow within the ceiling in three different operation conditions Ventilation,
Recycling, and Shutdown. Lab View and Arduino software were used to control the airflow
and operation conditions by setting the upper limit temperature and the lower limit
temperature of the human comfort zone.
The outcome from modelling and simulation of the PCM shows an annual energy reduction
between (13% - 21%) and CO2 equivalent emission reduced from 70 Kg to (60.9 Kg to 55.3
Kg). Furthermore, the experiment results indicate a temperature increase inside the build of
3

3 degrees Celsius as an effect known as greenhouse effect. Both results from simulation,
experiment are close, and there was a minor difference in result. Weather was the main
factor of not to cover the full potential of the PCM because the experiment done in June.
PCM shows promising future in energy reduction and decrees CO2 emission.

4

Contents
Declaration ................................................................................................................................. 1
Acknowledgments...................................................................................................................... 2
Abstract ...................................................................................................................................... 3
Literature Review ..................................................................................................................... 12
Overview .................................................................................................................................. 12
Renewable energy ................................................................................................................... 12
Thermal energy ........................................................................................................................ 13
What is thermal energy ........................................................................................................ 13
Source of renewable thermal energy .................................................................................. 13
Thermal energy transfer ...................................................................................................... 14
Phase change materials (PCM) ................................................................................................ 16
Classification of PCM ............................................................................................................ 19
Thermophysical properties .................................................................................................. 22
Stability of PCM and container ............................................................................................ 28
Corrosion of PCM ................................................................................................................. 28
Heat transfer ............................................................................................................................ 29
Boundary conditions problem.............................................................................................. 29
Heat transfer enhancement ................................................................................................. 30
Applications of PCM ................................................................................................................. 31

5

Cooling application ............................................................................................................... 31
Commercial and resident building ....................................................................................... 31
Methodology:........................................................................................................................... 34
Design ................................................................................................................................... 34
3 Way Valve design .............................................................................................................. 38
PCM selection ....................................................................................................................... 38
Programming ........................................................................................................................ 39
Data Taker DT50 ............................................................................................................... 39
Solar Survey 200R ............................................................................................................. 40
Arduino Leonardo ............................................................................................................. 42
LABVIEW ........................................................................................................................... 47
Modelling of PCM .................................................................................................................... 48
Weather data ....................................................................................................................... 48
Section Builder ..................................................................................................................... 49
Modelling results ..................................................................................................................... 51
Experiment results ................................................................................................................... 56
Experiment results discussion: ............................................................................................. 59
Issues and difficulty: ................................................................................................................ 60
Future Work ............................................................................................................................. 62
Multi PCM............................................................................................................................. 62

6

PCM on the walls of the building ......................................................................................... 62
PCM in the floor ................................................................................................................... 62
PID controller (Proportional + Integral + Derivative) ........................................................... 63
Multi-temperature sensors controllers................................................................................ 63
Heat exchanger PCM integrated into photovoltage panels. ............................................... 63
Wireless communication (Arduino) ..................................................................................... 63
References: .............................................................................................................................. 65
Appendices ........................................................................................................................... 68
Appendices A.1 .................................................................................................................... 68
Appendices A.2 ..................................................................................................................... 69
Appendices B ........................................................................................................................ 70
Appendices C ........................................................................................................................ 75

7

Figure List:
Figure 1: Energy Sources. ......................................................................................................... 14
Figure 2: The main three thermal principles of thermal systems engineering. ...................... 15
Figure 3: Total Primary Energy Supply (TPES) by source Australia 1990 - 2015...................... 16
Figure 4: Total net energy consumption in Australia, by industry, energy units 1973-2016. . 17
Figure 5: Phase transition profile of PCM. ............................................................................... 18
Figure 6: Classification of PCM material. ................................................................................. 21
Figure 7: Temperature change during melting (heating) & solidification (cooling) of PCM
with subcooling. ....................................................................................................................... 27
Figure 8: Heat storage working scheme: heat or cold from source to storage, heat within
storage, and heat transfer to sink............................................................................................ 29
Figure 9: Cooling with PCM integrated into the ceiling. Additional heat from the room is
stored in the PCM during the day (left) and discarded at night (right) to the cold night air. . 32
Figure 10: First Draft Design. ................................................................................................... 34
Figure 11: PCM distribution in box cover. ............................................................................... 35
Figure 12: Cross structure of box Cover. ................................................................................. 36
Figure 13: Temperature sensors and fans in box cover........................................................... 36
Figure 14: Temperature sensors location in both cover and box............................................ 37
Figure 15: Final look of the box, cover, and valves. ................................................................. 37
Figure 16: 3 way valve (second design). .................................................................................. 38
Figure 17: T type configuration screen. ................................................................................... 39
Figure 18: 5 Thermocouple configuration connections........................................................... 40
Figure 19: Solar Survey 200R. .................................................................................................. 41
Figure 20: Servo motor. ........................................................................................................... 43
8

Figure 21: Temperature Sensor Module (XC-4494). ................................................................ 43
Figure 22: Fan connection and configuration to the Arduino board....................................... 44
Figure 23: Temperature sensor program script....................................................................... 45
Figure 24: Servo motor script to set a reference point. .......................................................... 46
Figure 25: OPAQUE 3.0 Beta logo. ........................................................................................... 48
Figure 26: Axonometric view of the ceiling. ............................................................................ 49
Figure 27: Heat gain / heat Loss (January) Vs PCM percentage volume. ................................ 51
Figure 28: Heat gain / heat Loss (July) Vs PCM percentage volume. ...................................... 52
Figure 29: Average daily energy reductions Vs Months. ......................................................... 53
Figure 30: Annual energy reductions Vs PCM percentage volume. ........................................ 54
Figure 31: Project build in the top of energy and engineering building. ................................. 57
Figure 32: Experiment temperature VS Time. ......................................................................... 58
Figure 33: Multi PCM layers. .................................................................................................... 62
Figure 34: L-Type 3-way valve case design. ............................................................................. 70
Figure 35: L-Type 3-way valve stem and plug design. ............................................................. 71
Figure 36: T-Type 3-way valve case design. ............................................................................. 72
Figure 37: T-Type 3-way valve stem and plug design. ............................................................. 72
Figure 38: Side view of 3D printing (valve case). ..................................................................... 73
Figure 39: Final 3-way valve case mode .................................................................................. 74
Figure 40: Final 3-way valve inner stem and plug. .................................................................. 74

9

Tables List:
Table 1: Organic and inorganic comparison for heat storage. ................................................ 20
Table 2: Thermophysical properties of PCMs for cooling applications (below 21 oC). ........... 23
Table 3: Thermophysical properties of PCMs in buildings comfort (22 oC -28 oC)................... 24
Table 4: Thermophysical properties of PCMs in hot water application (29 oC -60 oC)............ 25
Table 5: Thermophysical properties of PCM In application between (61 oC -120 oC). ............ 26
Table 6: LABVIEW function blocks used in the project. ........................................................... 47
Table 7: Ceiling material list with thickness and R-value......................................................... 49
Table 8: Approximation of energy reduction cost and CO2 emission. .................................... 55

Equation List:
Equation 1: Total of energy stored in a latent storage system with PCM. .............................. 18
Equation 2: Mass loss............................................................................................................... 28
Equation 3: Corrosion rate. ...................................................................................................... 28

10

Aims and objectives
The aim of this thesis to find out how PCM will react to the weather change in West
Australia .Also, investigate the claim of energy reduction and change of climate change by
decrees CO2 equivalent emission. Furthermore, Analyse PCM performance in passive cooling
in the residential ceiling by modelling and experiment methods
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Literature Review
Overview
This section is going to cover the previous study of phase change materials (PCM) and the
important part of PCM in heat storage and cooling in both commercial and residential
applications. Also, the sources of renewable energy from where it comes and how thermal
energy transfer into a useable form of energy. PCM has an extensive range classification and
going to be explored in several areas like stability, corrosion, and lifecycle of PCM.
Additionally, the challenges in heat transfer from and to PCM and how to overcome this
issues with the help of heat transfer enhancement.in the end of this section some of the
PCM applications will be discussed like storage and building cooling.

Renewable energy
In 1986 Twaidell and Weir defined renewable energy as “Energy obtained from the
continuous or repetitive currents of energy recurring in the natural environment”[1]. There
is another definition by Sorensen “energy flows which are replenished at the same rate as
they are used “[2]. Renewable energy is known as the energy that is created by natural
resources, for example, geothermal heat, tide, waves, rain, wind, and sunlight, as shown in
Figure 1[3]. Also, it takes account of the technologies that help transform natural resources
into useful energy services[4]. In this thesis, the main focus is about thermal energy and
how to take advantage of this technology for building thermal comfort.

12

Thermal energy
What is thermal energy
The birth of solar thermal energy starts in the interior series of fusion reaction between four
hydrogen nuclei and single helium nuclei in the sun [5]. This kind of fusion produces a
massive amount of energy to reach millions of temperature degree must be skipped or
transferred out of the sun surface. This kind of energy come to Earth in the form of light.
Humans used this kind of energy as long as the life starts on earth for example light to see in
the dark, preparing food by heat energy, run millions of machines in for of mechanical and
electrical energy, and thermal energy for comfort[3].

Source of renewable thermal energy
The primary source of most of the thermal energy application is the sun. The sun located in
1.495*1011 m away from earth with a version of ±1.7%. The radiation from the sun transfers
to the outside atmosphere of the earth almost in stable intensity. This lead in defining the
amount of energy from the sun per unit time and received on a unit area of the surface
perpendicular to the direction of propagation of the radiation at a mean earth-sun distance
outside the atmosphere is solar constant[5].
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Figure 1: Energy Sources.

Thermal energy transfer
As we have explained the source of thermal energy, we need to understand the
fundamental three sciences in any thermal system: heat transfer, thermodynamics, and
fluid mechanics.
Heat transfer is the amount of energy transfer as a result of temperature difference.
Furthermore, heat transfer can be divided into three modes: conduction, convection, and
radiation. Where conduction is known as heat transfer through a medium in which
difference of temperature occurs across the medium. The second mode is convection refers
to heat transfer between surface and fluid with the concern of temperature difference.
Radiation mode is energy exchange between surfaces without the need of intervening
medium by electromagnetic waves[6].
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Thermodynamics science helps to analyse any thermal systems by knowing both of mass
and energy conservation principles. An example of thermodynamic analysis, you can predict
the final temperature of the thermal system if you have enough parameter of the system
with the help of heat transfer rate[6].
Moreover, the last science of thermal system is Fluid mechanics. This kind of science will
cover the principles of fluid statics like conservation momentum and mechanical energy
equation with concerning the behaviour of the fluids at rest or in motion, as shown in Figure
2 [6].

Figure 2: The main three thermal principles of thermal systems engineering.
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Phase change materials (PCM)
Day after day, the demand for energy increases around the world due to boom increase in
industrial development and population, which lead human to face two significant issues:
energy and the environment [7]. For the last 20 years, the energy supply in Australia
increased - especially fossil fuel consumption, as shown in Figure 3 [8]. However, the
process of burning fossil fuel as a source of energy carried one of the most significant
environmental problems ever, which is climate change cussed by CO2 emission[7]. On this
occasion, all of scientist and engineers started to improve the technologies in the renewable
energy area in order to minimise the effect of climate change and to achieve a stable
environment for human beings [7].

Total Primary Energy Supply (TPES) by source
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Biofuels and waste

Primary and secondary oil

Figure 3: Total Primary Energy Supply (TPES) by source Australia 1990 - 2015.
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There are many energy consumption sectors in Australia, but the common thing is the
building area, as shown in Figure 4 [9]. Where most of the energy consumption in the
building is a result of thermal comforts like ventilation, air conditioning and heating. Under
this circumstance, heat storage starts to get more attention to save energy. Latent heat
thermal energy storage is particularly becoming more popular because of the high density
of energy storage compared to the conventional heat energy storage system and required
less weight and volume of material for a given quantity of energy [10]. The latent heat of
melting is the significant amount of energy that needs to be absorbed or released when a
material changes phase state from solid to liquid or vice versa. Phase change material (PCM)
considered as latent heat energy storage that will be a great option in the building save
energy and thermal comfort[11].

PJ

Total net energy consumption in Australia, by industry, energy
units
14,000.0
12,000.0
10,000.0
8,000.0
6,000.0
4,000.0
2,000.0
0.0

Agriculture PJ

Mining PJ

Manufacturing PJ

Electricity generation PJ

Construction PJ

Transport PJ

Commercial b PJ

Residential PJ

Other c PJ

Total PJ

Figure 4: Total net energy consumption in Australia, by industry, energy units 1973-2016.

PCM is a type of latent heat storage, where the energy in PCM kept or removed when there
is a phase change in the material (liquid-solid, solid-liquid). With the increase in
temperature, PCM starts absorbing heat like sensible material up to phase change after
17

which chemical links within the material breaks and PCM absorb massive energy at a
constant temperature. The energy stored during phase transition is known as latent heat.
The total of energy stored in latent storage system with PCM is defined by :

𝑄𝑄 = �

𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇

𝑚𝑚 𝐶𝐶𝑃𝑃 𝑑𝑑𝑑𝑑 + 𝑚𝑚 𝑎𝑎𝑚𝑚 ∆ℎ𝑚𝑚 + � 𝑚𝑚 𝐶𝐶𝑃𝑃 𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇

Equation 1: Total of energy stored in a latent storage system with PCM.

Where CP is specific heat capacity (KJ/Kg.K), m is the mass of PCM (Kg), T is temperature (K),
am is melt fraction of PCM, and ∆hm is enthalpy of fusion (KJ/Kg).

Figure 5: Phase transition profile of PCM.
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The equation has three parts with first part demonstrating sensible heat stored in the solid
phase of the PCM; second part represents latent heat of fusion and the third part
representing the sensible heat stored in PCM in the liquid phase [12].

Classification of PCM
In 1983 Abhat was the first one give PCM a useful classification as thermal materials energy
storage Figure 6[13]. Many authors have made a comparison between two main categories
of PCM, organic and inorganic materials, as shown in Table 1[13]. According to [14], there
are PCM material criteria need to be selected for desirable application :
•

A high value of the heat of fusion and specific heat per unit volume and weight.

•

A melting point which matches the application.

•

A low vapour pressure(less than 1 bar) at the operational temperature.

•

Chemical stability and not corrosiveness

•

Not be hazardous, highly inflammable or poisonous.

•

A reproducible crystallisation without degradation

•

A small subcooling 1 degree and high rate of crystal growth.

•

A small volume variation during solidification

•

A high thermal conductivity

•

Availability and abundance.

Subcooling (also called supercooling) is the effect that a temperature significantly below the melting
temperature has to be reached, until a material begins to solidify and release heat.

1
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Table 1: Organic and inorganic comparison for heat storage.

Organic
Advantages

Inorganic

No corrosion

Great phase change

Low or none subcooling

enthalpy

Chemical and thermal
stability
Disadvantages

Lower phase change

Subcooling

enthalpy

Corrosion

Low thermal conductivity

Phase separation

Flammability

Phase segregation
Lack of thermal stability[15]
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Materials

Sensible heat

Gas-liduid

Latent heat

Solid-liquid

Organics

Eutetices single
temperature

Chemical energy

Soild-gas

Solid-soild

Inorganics

Mixtures
temperature
interval

Eutetices single
temperature

Paraffins
(alkanes
mixtures)

Fatty acids

Analytical grade

Mixtures
temperature
interval

Hydrated salts

Commercial
grade

Figure 6: Classification of PCM material.
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Thermophysical properties
Thermophysical properties are essential when any PCM selected for the desired application
like high latent heat of fusion per unit volume to reach high storage density compared to
sensible storage. Also, the melting temperature in the needed operation temperature range
or limit to ensure heat storage and heat extraction is within a fixed temperature range of
the application. Likewise, an excellent thermal conductivity of both phases of PCM to assist
the system energy in charging and discharging energy. Furthermore, the volume of PCM
must have slight change during phase transformation, and the pressure needs to be less
than 1 Bar for minimising the problem of containment [16].
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Table 2: Thermophysical properties of PCMs for cooling applications (below 21 oC).

Material

H2O+polyacrylamida
Polyglycol E400

Type

Compound
Organic

Melting

Heat of

Thermal

Density

Temperature(oC)

Fusion

conductivity

(Kg/m3 )

(KJ/Kg)

(W/mK)

295

0.486

1047 (liquid)

0.187(liquid,

1125(liquid,

38.6oC)

25oC)

0.66

1170(liquid)

0
8

99.6

14.4

160

Reference

[17]
[17, 18]

38.5%
trimethyloletane+

Organic

31% water+30%

mixture

[16]

urea
Caprylic acid

Dimethyl sulfoxide
(DMSO)
45–52%
LiNO3·3H2O+ 48–
55% Zn(NO3)2·6H2O
Capric acid + lauric
acid

901(liquid,

Fatty acid

16

148.5

0.149

Organic

16.5

85.7

-

1009 (liquid)

[16, 18]

17.2

220

-

-

[19]

18

120

0.143

-

[16]

Inorganic
mixture
Fatty acid
mixture

30oC)

[16, 18, 19]
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Table 3: Thermophysical properties of PCMs in buildings comfort (22 oC -28 oC).

Material

n-Heptadecane

Type

Organic

Melting

Heat of

Thermal

Density

Temperature(oC)

Fusion

conductivity

(Kg/m3 )

(KJ/Kg)

(W/m K)

240

0.21
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Polyglycol E600

0.1897
Organic

22

127.2

(liquid,
38.6oC)

Paraffin C13–C24

Paraffin C18

n-Octadecane

75.2% capric acid +
24.8% palmitic
acid
Mn(NO3)·6H2O

Organic

22–24

189

Organic

28

244

Organic

28

200

22.1

153

Fatty acid
mixture

0.21 (liquid)

0.148 (liquid)

(salt
hydrate)

760 (liquid)

[17]

1126(liquid

[16-18]

,25oC)
0.760

[16-18]

(liquid)
0.774
(liquid)

0.148 (liquid)

774 (liquid)

0.358 (solid)

814 (solid)

-

-

Inorganic

Reference

[16, 18, 19]

[16]

[14]

1738
25.5

125.9

-

(liquid,

[15]

20oC)
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Table 4: Thermophysical properties of PCMs in hot water application (29 oC -60 oC).

Material
Type

CaCl2·6H2O

Melting
Temperature(oC)

Heat of

Thermal

Fusion

conductivity

(KJ/Kg)

(W/m K)

Inorganic

0.540

(salt

29

190.8

(liquid,

hydrate)
Methyl stearate

38.7 ◦C)

Organic
mixture

62.5%
Trimethyloletane +
37% water

Organic
mixture

Density

Reference

(Kg/m3 )

1562 (liquid,

[16-18]

32 ◦C)

29

169

-

-

[15]

29.8

218

0.65

1120

[19]

30

136

-

-

[15]

47%
Ca(NO3)2·4H2O+
53%

Inorganic
eutectic

Mg(NO3)2·6H2O
Mn(NO3)·6H2O

Inorganic
(salt

37.1

115

-

1738 (liquid,
20 ◦C)

[15]

Fatty acid

42–44

178

0.147

870(liquid)

[19, 20]

Inorganic
eutectic

59

132.2

0.510 (65
◦C)

1550

hydrate)
Lauric acid
58.7%
Mg(NO3)2·6H2O+
41.3% MgCl2·6H2O

[17, 18]
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Table 5: Thermophysical properties of PCM In application between (61 oC -120 oC).

Material
Type

NaAl(SO4)2·10H2O

Melting
Temperature(oC)

Heat of

Thermal

Fusion

conductivity

(KJ/Kg)

(W/m K)

Density

Reference

(Kg/m3 )

Inorganic
(salt

[15]
61

181

-

-

64

173.6

0.167 (liquid)

790

[17, 18]

0.653 (liquid,

1937

[19, 20]

85.7 ◦C)

(liquid, 84

1.255(solid,

◦C)

23 ◦C)

2180 (solid)

0.132 (liquid,

976 (liquid,

83.8 ◦C)

84 ◦C)

0.341 (solid,

1145 (solid,

49.9 ◦C)

20 ◦C)

hydrate)
Paraffin wax
Ba(OH)2·8H2O

Organic
Inorganic
(salt

78

265–280

hydrate)
Naphthalene
Aromatic

80

147.7

Polyethylene
CnH2n+2 (n up to

Organic

110–135

200

-

100,000)
MgCl2·6H2O

Inorganic
(salt

117

168.6

hydrate)
Acetanilide

Organic

118.9

222

0.570 (liquid,
120 ◦C)
-

[17, 18]

[17]

870–940
(solid)
1450

[13,17]

(liquid,120
◦C)
-

[14]
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Nucleation and crystal growth is one of the thermophysical properties and plays an integral
part in selecting the PCM.the rate of nucleation should be high or fast to prevent
supercooling of the liquid phase to guarantee that melting and solidification procced at the
equivalent temperature. Furthermore, the rapid rate of crystal growth will help the system
to cover the demand for heat recovery from the storage system, as shown in the Figure
below[20].

Figure 7: Temperature change during melting (heating) & solidification (cooling) of PCM with subcooling.

Chemical properties need to be considered, especially the safety where PCM need to be
safe for the environment, system and human beings. In this case, PCM’s should be nontoxic, non-explosive, & non-flammable. Similarly, PCM has to be not corrosive to system
construction. The change between liquid and solid phase (freeze & melt) of PCM need to be
fully reversible. Lastly, no degradation after a large number of solidification and liquefaction
cycle of PCM[15].
Economics is essential to compare with different types of PCM for minimising the costeffective and assuring the abundant of PCM.
27

Stability of PCM and container
One of the critical factors of the stability of PCM storage container is withstood the number
of cycles without any effect or degradation of thermophysical properties.one of the aspects
have to be considered in designing any PCM storage containers is chemical reaction
especially corrosion. It is experiential that when reactive material like PCM get in contact
with metals, the metals can get corroded [12].

Corrosion of PCM
Ferrer et al..,[21] complete I study on the effect of corrosion when PCM get in contact with
Container(metals). The study was comparative between four types of PCM
(Capric73.5%+Myristic 24.5 %, SP21E, PureTemp 23, and Capric75.2%+Plamitic 24.8%) and
five types of metals (copper, carbon steel, stainless steel 304, stainless steel 316, and
aluminium). The metals in this experiment immersed in the PCM for 1, 4 & 12 weeks and the
metals had the size of 5×1×0.1 cm3 .the result of the research shows a sign of corrosion in all
metals, but stainless steel 304 & stainless steel 316 have the highest resistivity against
corrosion at (0-1 mg/cm3 yr).the mass loss was calculated with the help of the following
equations:
∆𝑚𝑚 = 𝑚𝑚(𝑡𝑡0 ) − 𝑚𝑚(𝑡𝑡)
Equation 2: Mass loss.

In addition, the corrosion rate calculated by this equation:
𝐶𝐶𝐶𝐶 =

∆𝑚𝑚
𝐴𝐴. (𝑡𝑡0 − 𝑡𝑡 )

Equation 3: Corrosion rate.
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Where ∆m change in mass (mg/s), t0 is initial time and t final time both of them in (sec), A is
an area in (cm2), and CR is corrosion rate in (mg/cm2).

Heat transfer
Boundary conditions problem
According to [20]In most of the heat or cold storage systems have a problem connected to
heat transfer at three critical points:
1. Heat transfer from the source to storage.
2. Heat transfer within the storage.
3. Heat transfer from storage to sink.

Figure 8: Heat storage working scheme: heat or cold from source to storage, heat within storage, and heat transfer to sink.

It is essential to assure the heat flow in the right direction, the source temperature has to be
higher or equal to the temperature of the storage, and the storage higher than the sink. On
the other hand, cold storage needs to be in the opposite direction of heat storage.
Furthermore, the power of loading and unloading, the amount of heat transfer in a definite
time considered as a boundary condition. Heat transfer fluid (HTF) can determine if it
moved by forced or free convection in the application. With the help of a heat exchanger, it
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is possible to separate HTF from all of the source to the storage, storage to sink, and the
storage medium.

Heat transfer enhancement
PCMs have a different classification, and various types, one of these types is inorganic PCMs
have high thermal conductivity around (1 W/m.K). Oppositely, organic PCMs have a lower
thermal conductivity, which is not acceptable in several thermal energy storage systems.
Consequently, this will affect the heat exchange between PCM and HTF, which lead to a
longer time in the charging and discharging of the PCM [22]. Serval researches and articles
[23-25] with different techniques and approaches to improving the heat transfer and the
conductivity of PCMs. Therefore, improving heat transfer will increase the efficiency of
thermal storage systems. The most popular enhancement techniques used in systems with
PCM based as energy storage systems are the following:
•

Enhancement by using extended surface or metal matrix structures

•

Enhancement by using metal foams or impregnation of porous materials

•

Enhancement by using heat pipes.
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Applications of PCM
Cooling application
The variety of applications for multipurpose transport boxes with controlled temperature is,
of course, more significant than just for food, beverages, and medical applications.
Therefore, some companies have established transport boxes, which are not designed for
any unique application. Transport boxes superior to conventional insulation materials. This
reduces the necessary cooling power to ten Watts, but without significantly dropping the
storage space[20].
Using microencapsulated PCM in clothing is no exception. Companies like, Climator AB and
TST Sweden AB developed a vest help to cool the body of people who work in extreme and
harsh hot environment, for example, firefighter and athels with extreme exercise[26, 27].
Heat absorption by the PCM begins once the temperature rises beyond the phase change
temperature of the PCM, which is around 28°C. Depending on the application, the time of
the cooling effect is up to three hours. This is only possible because of the massive quantity
of PCM, which is about 2.3 kg. If equally distributed across the surface of the vest, the width
of the PCM layer would be few millimetres[20].

Commercial and resident building
The integration of the PCM into a ceiling construction is one of the concept of using forced
convection Figure 9[20]. The ceiling builds in a way that lets the heat of the building or the
room stored to PCM at daytime. At night, the cold air outside of the building will be forced
across the PCM surface to remove the heat from the PCM and at the same time cool the
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PCM. Then, the air ejects to the outside of the building. For cooling the building or the room
in the daytime, hot air from the room is directed to move across the PCM; heat is
transferred to the PCM, the air in that way cooled and then provided back to the room.

Figure 9: Cooling with PCM integrated into the ceiling. Additional heat from the room is stored in the PCM during the day
(left) and discarded at night (right) to the cold night air.

One of the examples of PCM ceiling is “CoolDeck” by Climators. The type of PCM used in this
cooling deck is salt hydrate and melting temperature about 24 oC. It is fitted right under the
concrete ceiling and above an already existing suspended ceiling. This way, not only the
PCM but also the concrete is used for cold storage. The five years’ demonstration project
has started at the beginning of 2002 and was reviewed in November 2005, about 330
cooling sequences have been achieved by the system. The results illustrate that the
maximum room air temperature in summer has been decreased about 3 K to 4 K. The
cooling of the building is completed without any cold devices; the only consumption of
energy comes from the fan[20, 27].
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From this concept, in this thesis integrated ceiling with PCM going to experiment with a
different configuration in small scale and analysis the result and coordinate the result with
the previous study within the area of cooling space in the building.
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Methodology:
Design
The design was inspired by many previse research’s and experiments in PCM, and the
concept of this design is to simulate the ceiling with PCM in houses with a different
configuration. After approval of the plan from the academic supervisor, the first design draft
was as shown in Figure 10 below.

Figure 10: First Draft Design.
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Figure 11: PCM distribution in box cover.

The PCM was distributed in the box cover as shown in the Figure. The aim behind this
distribute is letting the air flows (The white area in Figure) smoothly through PCM at the
same time more surface area between the air and PCM which will help the PCM to absorb
more heat from the air.

In addition, the cover of the box has a different configuration going to be tested. Each
configuration has a different material layer and one setup without any PCM to analyse the
effect of PCM in reducing the heat. The material list as the flow:
•

Plywood

•

Fibre Cement Sheet

•

VIP- Vacuum Insulation

•

PCM- Phase change material

•

Selective absorber sheet
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Figure 12: Cross structure of box Cover.

Temperature sensors (Green dote) are placed in both the input and output of the cover with
fans.

Figure 13: Temperature sensors and fans in box cover.

Moreover, other temperature sensors were located between each material in the cover and
the box, the reason behind that is to understand the heat or the energy flow from the
outside environment to the box through different configurations or different materials.
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Figure 14: Temperature sensors location in both cover and box.

The final design of the project it looks like Figure below with adding two valves (3-way valve)
to control the air flow which will be discussed in more details next section.

Figure 15: Final look of the box, cover, and valves.
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3 Way Valve design
The initial design of the 3-way valve is explained in full details in Appendence B. there was
change in design to prevent any further delay in building the project and for the time limit of
thesis submission.
The 3-way valve was built in a way to control airflow within the ceiling of the project build.
The valves will rotate the disc inside the case as illustrate in Figure 16.

Figure 16: 3 way valve (second design).

PCM selection
After inspecting the forecast of West Australia [28] especially Perth area, JANDAKOT AERO
and Murdoch University [29] weather station was selected because it is the nears weather
station to Murdoch University where the experiment is going to be tested. After that,
summary statistics of mean temperature was checked for all of spring and summer seasons
for the past years, and as a result, a PCM 25 OC was selected.
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Programming
Data collecting and control parameter in this experiment of PCM defiantly need many
instruments to log the data and control the air flow in and out of the system with the
respect of designed temperature( setpoint) and PCM phase change temperature, here all
the instruments and devices that been used in the project with.
Data Taker DT50
Data taker DT50 device was used to collect and record temperature reading, the reasons for
selecting DT50 are a low-cost device, portable, have internal and external memory, and five
analog channels for recording temperature. DT50 programmed to read the temperature
from a thermocouple. T type thermocouples (-200 OC to 200 OC) were connected to data
taker analog channels as shown in the configuration screen below.

Figure 17: T type configuration screen.
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The colour code of T type thermocouple red and blue where the red wire is copper and blue

Figure 18: 5 Thermocouple configuration connections.

wire is constantan. The red wire connected to the positive side and the blue one connected
to the negative side of analog channels. Then, the same configuration applied to the other
four thermocouples with naming each channel with tag number as showing in figure 24.

Solar Survey 200R
Solar Survey 200R is a device help to record both ambient temperature and solar radiation.
The configuration of this instrument is straightforward only set up the time, date, and erase
old data recorded in the Survey 200R. After recording both of ambient temperature and
solar radiation, both readings can be transferred to Excel sheet with the help of Solar Survey
200R software.
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Figure 19: Solar Survey 200R.
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Arduino Leonardo
Arduino Leonardo is a microcontroller with many digital and analog inputs and outputs. The
main and essential use of this microcontroller is to control the two 3-way valves position
and read the temperature inside the system.
To control the motion of the 3-way valve, the Servo motor (Figure 26) is needed. Inside the
Servo, there is a DC motor with gears help to rotate the stem and plug of the 3-way valve.
Servomotor has three wire connection, two of the wires are power and the third one for
signal. Also, two servomotors were needed to control both the input and output of the
system.
After running the two Servo motors for serval times, errors pop up in the script because of
the electrical current from Arduino Leonardo board was not enough to operate the motors.
Servo controller shield was integrated with the Arduino board to get more electrical
current. The servo shield was selected for the following reasons:
1. Four H-Bridges each bridge delivers 0.6A (1.2A highest current) with thermal
protection.
2. Voltage range from (5 to 36) V DC.
3. Two external terminal power interface.
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Figure 20: Servo motor.

Temperature Sensor Module (XC-4494) was used to sense the temperature inside the box,
at the same time will be as a reference set point to operate the 3-way valves between
operational conditions like recycling, ventilation and shutdown.

Figure 21: Temperature Sensor Module (XC-4494).
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Furthermore, two fans 5V DC been connected to the Arduino microcontroller. The two fans
are placed in both of the input and the output of the project design to control airflow within
the system. The fan configuration needs a MOSFET n-type, where the MOSFET works as a
switch (ON-OFF) when receiving the signal from the microcontroller. Fans configuration
shown in Figure 28.

Figure 22: Fan connection and configuration to the Arduino board.
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Programming Temperature sensor

Through Arduino software, the temperature sensor was programmed to convert the analog
signal to digital and read the temperature in degrees Celsius as shown in the scripts below.

Figure 23: Temperature sensor program script.

After the script been sent to Arduino, the temperature sensor was tested by lighter and cold
water to ensure the respond of the sensor work within the operating temperature.
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Programming Servo motor
Second Arduino script was for two servomotors. The first step in programming the
servomotor is to point the reference point between the arm of the servo and the motor,
which is essential to send the right rotation degrees to the 3-way valve. The signals sent was
between 0 degrees to 180 degrees.

Figure 24: Servo motor script to set a reference point.
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LABVIEW
LABVIEW define as Laboratory Virtual Instrument Engineering Workbench. LABVIEW is a
system-design platform and development environment for a visual programming language.
LabVIEW is generally used in instrument control and industrial automation on a variety
of operating systems like Microsoft Windows and others.
LABVIEW used in this project for three main goals and they are, enter the set point
temperature (operation limits), read and write the data from Arduino board, and log all the
data as a record to Excel sheet file. Table 6 below shows some of important function blocks
was used.
Table 6: LABVIEW function blocks used in the project.

VISA Configure Serial Port VI:
help to specified Visa resource
name, baud rate, time out, and
error.

VISA Close Function: Closes
Arduino session object specified
by the VISA resource name.

Property Node: it automatically
adjusts to the class of the object
that used as a reference.

Concatenate Strings Function:
add a character to the string,
and the string becomes single
output string.

Get Date/Time In Seconds
Function: shows the current
time of the LABVIEW system
time.

String Subset Function: Returns
the substring of the input string
beginning at offset and
containing length number of
characters to filter (\) code.
Fract/Exp String To Number
Function: it used to filter the
number from the string.

Wait (ms) Function: this function
does not complete execution
until the specified time has
passed.
Write Delimited Spreadsheet VI:
help to record and save the data
in an Excel spreadsheet.

String Length Function: count
the number of characters
(bytes) in the string.

VISA Write Function: Writes the
data from the write buffer to
Arduino through VISA.

VISA Read Function: Reads the
data from Arduino from reading
buffer through VISA.
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In Appendix A.1, the complete connection of the all function in LABVIEW in block diagram
page.

Modelling of PCM
OPAQUE 3.0 beta is I software helps to calculate decrement factor, time lag, and U-value
(thermal transmittance coefficient (m2K/W)) of the ceiling that going to be tested in the
project for a variety of insulations and PCM. In
addition, the software help to calculate Heat gain
and heat loss through the design ceiling from
outside temperature to room or office temperature.
The programme required many data to get the
results and steps too.it will be covered in the
section below:

Weather data

Figure 25: OPAQUE 3.0 Beta logo.

First, weather data is needed for simulation.
Weather data need to be in format (EPW) energy Plus Weather. This type of format can be
downloaded from Energy Plus website. Next, in the website select the location that need to
be studied, in this project the location was (Swanboume, West Australia) because it is the
only location close to Murdoch University where the experiment is located. Then some
details needed to be provided by the user like the indoor comfort temperature, direction
surface facing, surface tilt, absorptivity of outer surface, and surrounding ground
reflectance.
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Section Builder
The second step is to select the material of the roof with the right thickness as shown in
Figure 26 and Table7.

Figure 26: Axonometric view of the ceiling.

Table 7: Ceiling material list with thickness and R-value.

Material

Thickness (mm)

R-VALUE(m2K/W)

Outside Air

0.0

0.04

Metal Surface

6.0

0.0
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Air Space (ceiling)

26.0

0.18

Extruded Polystyrene

30.0

0.86

Studs (wood)+ PCM

65.0

2.67

Plywood

3.2

0.03

Inside Air

0.0

0.16

Where R-value is material's resistance to heat flow. The order of the material start from the
outer side of the ceiling to the inner side
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Modelling results
After the simulation completed for the whole year only January and July been selected to
analyse the behaviour of the PCM. The reason behind choosing January that it is in the
middle of summer and July is the middle of winter.

Heat Gain / Heat Loss (January)
10
8
Solar irradiance Wh/m2

6
4
2
0
-2
-4
-6
-8
-10

0

2

January

4

6

January 5%

8

10

12
Hours

January 10%

14

16

18

January 15%

20

22

January 20%

Figure 27: Heat gain / heat Loss (January) Vs PCM percentage volume.

In the graph above is the heat gain of the build that been used in the experiment VS day
hours. In the x-axis is hours of the day and in the y-axis is heat gain in energy form of solar
irradiance. Each trend represent the percentage volume of the PCM from the total surface
volume. The first trend (January), where there is no PCM in the build, shows a huge heat
gain in the build around 5 degrees C◦ as the sun rise up at 8:00 . On the other hand, when
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24

PCM integrated to the build (January 5%) there was a drop in the heat gain where the PCM
absorb some of the heat. it is clear, The heat gain peak was shifted out of the peak hours,
where sown in the graph around 20:00 h at night. The final three trends (10%, 15% & 20%)
are almost a like in behaviour with minor differences and heat gain.
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Figure 28: Heat gain / heat Loss (July) Vs PCM percentage volume.

The second simulation was for July month. The graph of July show only heat loss, which is
logical behaviour of PCM in winter. From the data used in the simulation, the temperature
was below 25 CO in July, which mean the temperature is below the melting point of PCM. In
addition, trends shows a loss of temperature from 0 to -3 degrees and a shift of peak gain
around 16:00 h.
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Average Daily Energy Reduction
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Figure 29: Average daily energy reductions Vs Months.

The third result that generate from the software is average daily energy reduction
percentage against months of the year. PCM shows good energy reduction in all of summer,
spring and autumn. In November, PCM have the highest energy reduction about 55%
present of energy reduction. In contrast, there is any further energy reduction in (June, July,
& August) because the temperature in all of these three months are below 25 CO or below
the melting point of PCM. Finally, the best option of selecting PCM is 10% present of PCM
from the total volume of the roof surface area; because (15% & 20%) going to perform well
but will cost more for additional PCM.
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Annual Energy Reduction
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Figure 30: Annual energy reductions Vs PCM percentage volume.

The annual energy reduction goes to PCM 10% of the total volume. PCM 10% take the
highest annual energy reduction around 21%. Oppositely, PCM 20% have the lowest annual
energy reduction about 13%.
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In the table below shows, some estimated calculation for cost and CO2 emission. The
calculation was for 100 electrical units with considering the annual energy reduction
percentage from the simulation. The calculation shows a 3.69 A$ to 5.95 A$ cost saving and
CO2 equivalentemission reduced from 70 Kg to (60.9 Kg to 55.3 Kg). The result illustrate the
effect of PCM in energy reduction, saving money, & saving environment from toxic
emissions.
Table 8: Approximation of energy reduction cost and CO2 emission.

Electrical units

Cents per

(kW/h)

unit

PCM

Energy

Total Price A$

reduction

Emission
kg CO2 e/kWh

%
100

28.3272

Without PCM

0

28.32

70 kg

100

28.3272

With PCM

13 - 21

24.63 – 22.37

60.9 Kg – 55.3 Kg

The same build design was simulated in the hottest weather condition in Australia
(Appendices C).weather data was collected from Oodnadatta Airport in South Australia
State. The simulation showed inferior performance of the PCM; only PCM react well in 5
months of the year. There is no energy reduction in summer because the PCM is overheated
due to high temperature weather away above the melting temperature of the PCM (25 OC).
The best option to overcome this issue is to change the PCM with another type of PCM with
higher melting point around 29 OC to 32 OC. one extra solution is to add more insulation
materials in the ceiling of the build.
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Experiment results
The final build was located in the top of engineering and energy build at Murdoch
University. The build was facing North, and the tilt of the surface was 19 digress. Solar
survey 200R hanged in the top of the surface build to record three primary data solar
irradiation, ambient temperature, and surface temperature as showing in the Figure below.
Data Taker DT50 was installed inside the build to record the temperature of every layer
(inside, PCM, Extruded Polystyrene, air space, & metal surface) of the ceiling. The project
build was kept for 48 hours to ensure to record a full day and night cycle. Further, the
temperature was recorded every 5 minutes to provide a decent quality respond.
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Figure 31: Project build in the top of energy and engineering building.
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Figure 32: Experiment temperature VS Time.

T4 Metal Surface Temp

Experiment results discussion:
Many difficulties against the progress of the project affect the result of the experiment;
additional details will be in the next section.
The first expectation from the experiment is a drop in temperature, but the data shows the
opposite of what was expectations. The graph illustrates T1 inside temperature higher than
T4 metal surface temperature; the reason behind this effect is the GREENHOUSE effect. The
build absorbs the heat from the sun in form of solar radiation; simultaneously, it will
increase the heat inside the build. Moreover, there was a difference in temperature about 5
OC

degrees between (T1 and T4) in the middle of the day, but at night the gape of

temperature differences decrees. In the far right of the graph, there was a disturb in data
recording because of the fall of hail pelts in the morning. Data from Solar survey 200R was
corrupted due to heavy raining that let some water leak to the device. PCM behaviour of
absorbing heat was not noticed because the temperature did not reach the melting point of
PCM, which is 25 OC. Despite the temperature in the middle of the day reached above 25 OC
, but is not large enough to melt the PCM or break the chemical bond within the PCM.
Lastly, the result from the experiment is close to the result from the modelling where the
temperatures are similar, which mean there is no heat gain in the system because of cold
weather in June.

Issues and difficulty
The experimental part of this project went through many obstacles and challenges and will
be addressed as the following:
First, there was a challenge to let Arduino software communicate with LabVIEW software,
especially in String subset function and VISA write function (check table 6). There was an
invisible code at the end of the string (‘\’) and that show many errors in running the
programs and the code will be counted as one extra character in a programing language.
Second, Data taker DT50 memory card was damaged because it was very old, and it was
hard to troubleshoot or send data to the memory, particularly for the remote experiment.
The third issue, the electrical current was not enough from to drive the servomotor after
many running tests, adding Arduino servo/motor shield board was I solution to drive
enough current. Arduino shield board have four H-bridges that provide 0.6 A of current.
There was a concern regarding the initial design of the 3-way valve (check Appendices B)
whether it will work in rainy winter and hold the servomotor at the same time. Also, the
decision was taken to move to another design, as shown in Figure 16 for more reliability.
The most issue that affects the progress of the project is a massive delay from PCM supplier.
The experiment should be in summer season to test the full potential of the PCM in
absorbing the heat. The PCM was received at the beginning of winter.
Moreover, constricting the final build was delayed due to some changes in staff within the
engineering department of Murdoch University.

After all, devices were installed in the build and the material in the ceiling; a battery was
needed to supply power to the devices. The battery was 12V and needed to be reduced to
5V to power the servomotors. Regulators were used for dropping the voltage (7805ct). The
regulators overheated and reached to 90 OC, which is not acceptable. Then an alternative
plan was taken to go only with solar survey 200R and data taker DT50 to collect the data
without using any airflow controlling like servomotors, fans, and temperature sensor.
Another problem was connecting the laptop to the Arduino board. Lab view software is
required to send the sit point to Arduino, the full version of Lab view not available in the
laptop, which makes it hard to run the program.
As a final point, the weather condition was harsh on the day of the experiment. The weather
was heavy rained. The falls of hail pelts damage solar survey 200R and corrupt the data of
solar irradiance and ambient temperature.
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Future Work
The main aim of this thesis is to study and exam the efficiency of PCM in building celling, but
there are several areas that need to be cover in future to improve both control equipment
and efficiency measurement.

Multi PCM
Multi PCM with a different phase change temperature, where the drop gap of temperature
is significant, for example, drop the temperature from 30 to 20 degree Celsius. It will be
interesting to measure the efficiency of this method comparing to the technique in this
project.

Figure 33: Multi PCM layers.

PCM on the walls of the building
PCM integration on walls is another way to reduce heat inside any building walls facing the
sun most of the day time.

PCM in the floor
There are some studies in using PCM under the floor to keep the floor warm in winter.
Where the PCM has the ability to hold the heat and realise the heat at a very low rate,
which related to the heat capacity of the PCM.
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PID controller (Proportional + Integral + Derivative)
Improving the performance of controlling of the 3-way valve by change the design of the
stem of the valve. The current stem designed only as on-off controlling, but if it replaced
with gate stem or butterfly stem, PID control could be applied in both of LABVIEW and
Arduino operation systems.

Multi-temperature sensors controllers
The idea of multi-sensors is to install several sensors in different locations in the design to
calculate the average temperature around the model for more accurate controlling of air
circulation, and it can be programmed in Arduino or LABVIEW.

Heat exchanger PCM integrated into photovoltage panels.
Photovoltage (PV) panels sometimes get overheated because of weather or operating
temperature. The suggestion is to implement the PCM in the back of PV panels to absorb
the heat. The challenge in this idea is how to pump or recycle the PCM in the back of the PV
panel and is this method will improve the efficiency of the PV panel.

Wireless communication (Arduino)
A wireless communication device for the Arduino board will make the connection more
comfortable than the traditional cable connection, especially for remote control.

63

Conclusions
The problem of thermal heat comfort in houses can be minimised by integrating PCM in the
ceiling. The result of both simulation and experiment were close to human thermal comfort
zone. The result from simulations show the potential of PCM in reducing energy supply and
CO2 emissions. On the other, hand the experiment show a small difference in temperature,
where greenhouse effect increase the temperature higher from the expectation of the
thesis. Weather was a main factor against the progress of the project, but some changes in
methodology was applied to overcome this problem .
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Appendices B
As a recommendation from the supervisor, a 3-way valve was needed in the project to
control the airflow within the system, AUTOCAD soft wear was used to design the 3-way
valves. There was two main design, T-type & L-type to control air input and output.
L-type 3-way valve
The first step of designing the 3-way valve is creating the case of the valve. This design is
going to be used in the outlet of the cover to direct the air to the box or exit the system.

Figure 34: L-Type 3-way valve case design.
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Besides that, the inner part of this case need to be designed to guide the air in two
directions only, so the stem and plug created as present in Figure17.

Figure 35: L-Type 3-way valve stem and plug design.

T-type 3-way valve
The same steps of L-type valve design applied to T-type 3-way valve, but the position of the
stem and plug in the case have a different spot in the case.
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Figure 36: T-Type 3-way valve case design.

Similarly, the plug of T-type has a unique design with three holes to let the airflow to the
system and to recycle the air within the box.

Figure 37: T-Type 3-way valve stem and plug design.

Printing the 3-way valves
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MakerBot Replicator 2 (3D printer) used to print the 3way valve. 3D printing is a technique
using three dimensional AutoCAD data for constructing a 3D physical model. The principle
of quick prototyping is to custom 3D computer design for the reconstruction of a 3D physical
model by the addition of material layers[30]

Figure 38: Side view of 3D printing (valve case).
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Figure 39: Final 3-way valve case mode

Figure 40: Final 3-way valve inner stem and plug.
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