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ABSTRACT 

The construction of high-rise buildings has become synonymous with growth and economic prosperity. However, the 

acceleration in architectural development of China has significantly contributed to the alarming state of environmental 

disruption. This impact has arisen from land use, energy consumption and the use of other resources such as materials 

and water, due to the demand for improved living standards and comfort by occupants. EU countries are not strangers 

to the effects that construction has on the environment, with over 40% of the total final energy consumption by 

buildings accounted for by the EU. Chinaôs building sector currently accounts for 32.8% of its total energy use, which 

must not be taken lightly given the massive population of China as well as the rapid rate at which buildings are being 

constructed. This in turn produces about 50% of global CO2 emissions as well as various other environmentally 

damaging pollutants (that contribute to global warming).  

Renewable energy sources include hydropower, wind energy and solar energy or any other new passive cooling or 

heating technologies. Some of these methods have already widely been used in the EU and China.  From the literature, 

the use of phase-change materials (PCMs) has been shown to help in cooling buildings. Thus, the present research aims 

to develop new PCM systems to obtain comfortable and healthy conditions in building spaces by reducing any 

unwanted heat and reducing energy consumption. It will also help with reducing CO2 emissions and minimizing the 

effects of climate change. 

Following a literature review and research planning, three different passive PCM systems were designed, and an active 

PCM slurry cooling pipe system was designed, investigated, modelled then tested under fixed laboratory conditions. 

Finally, each case was simulated, and the results were compared. The active PCM slurry cooling pipe system was 

proven the best cooling capacity among the PCM cases.  

To deepen the investigation, the active PCM pipe system was simulated in a typical building under the real climate 

conditions. The modelling results show that PCM pipe system helps to reduce the room temperature, the use of PCM 

pipe system can remain the room temperature in the comfortable temperature interval (23ï28ÁC) for 7 days.   

In conclusion, the PCM can effectively improve the indoor comfort of the building and reduce the energy consumption 

of air conditioner system. Between the passive PCM system and active PCM system, the latter demonstrated better 

performance, and it also had the good results in cooperation with an air conditioner.   
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Nomenclature  

Symbol Term Units 

Patm Atmospheric pressure Pa     

A Area m2 

C Specific heat capacity J/kgK 

D (or d)                                                             Diameter  m 

H Average heat transfer coefficient W/m2K 

h Height m 

h Specific enthalpy J/kg 

k (ɚ) Conductivity W/mK 

I Length m 

M Mass kg 

P Power W 

Q Energy J or kJ or kcal 

Q             Heat Flow J/s or W 

T Temperature ÁC 

t Time Seconds 

U Overall heat transfer coefficient W/m2k 

V Volume m3 

W Power  J   

æt Time Seconds or min 
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Chapter One: 

Introduction  

  

  

ñGetting a new global climate deal is absolutely vital, and the year ahead is going to be of 

critical importance.ò (Briggs, 2015)  
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1.1 Introduction  

Throughout its history, humanity has always been completely dependent on the environment. Whether 

breathing the rich supply of oxygen, using trees as materials for homes or drinking the natural water 

provided by the Earth, people have always taken from the environment. For thousands of years, the 

demands that people made upon the environment were never a concern. However, since the industrial 

revolution, the damage that humans cause to the environment has advanced at such an alarming rate 

that we are all aware of it today. The burning of fossil fuels, being one of the largest by-products of 

industrial production, is seen as one of the biggest factors contributing to climate change. Until 2000, 

carbon emissions did not increase by more than 1% annually. This changed between 2000 and 2005, 

during which the level rose to 2.5% per year, according to the Global Carbon Project (Raupach, 2007). 

Furthermore, carbon emissions reached 35.6bn tons in 2012 worldwide, an astonishing 58% increase 

over the amount in 1990, though carbon emissions have recently remained steady for the first time in 

over 40 years (Briggs, 2015). There is no doubt that the damage done to the Earth means that we 

desperately need to decrease our carbon footprint dramatically.  

It is predicted that temperatures could rise by up 3 to 4 degrees Celsius in Europe by 2080 (UK 

Climate Projections, 2007). This has resulted in the EU setting a goal to reduce carbon emissions by 

40% by 2030 and aiming to generate 27% of its energy using renewable sources (McGrath, 2014). 

Today, China is facing the same dilemma due to its rapid rate of development, which puts more strain 

on energy use and causes more environmental damage. According to the International Energy Agency, 

Chinaôs annual carbon emissions account for 22.3% of the worldôs total. This makes China the 

leading country in carbon emissions. In fact, 2013 proved to be a catastrophic year for the 

environment in China, based PM2.5 particle levels, which significantly surpassed the WHO standards. 

This inspired the Chinese government to make major efforts to deal with these environmental 

problems. It aims to produce a green GDP by calculating the costs of its pollution and to create an 

environmental protection organization to establish its own national standards.   

The construction of high-rise buildings has become synonymous with growth and economic 

prosperity. However, the acceleration in the architectural development of China has significantly 

contributed to the worrying state of environmental disruption. This impact has arisen from land use, 
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energy consumption and the use of other resources such as production materials and water, due to 

peopleôs demands for improved living standards and comfort. EU countries are no strangers to the 

effects that construction has on the environment, with over 40% of the entire global final energy 

consumption of buildings being done in the EU (Khalil, 2009). Chinaôs building sector currently 

accounts for 32.8% of Chinaôs total energy use, which must not be taken lightly given its massive 

population as well as the rapid rate at which buildings are being constructed (Lai, 2003). This in turn 

produces about 50% of global CO2 emissions as well as various other environmentally damaging 

pollutants (that also contribute to global warming). Renewable energy sources include hydropower, 

wind energy and solar energy, or any other new passive cooling or heating technologies. Some of 

these methods are solutions for global warming, and they have already been widely used in the EU 

and China. 

 1.1.1 Impacts of construction on climate change targets and/or security of supply  

The impacts of construction have been recognized and acted upon in both western countries and 

China, where it is hoped to reduce the extent of the damage through legislation and the promotion of 

sustainable construction and operation techniques. However, daily and seasonal demands vary, 

causing an unbalanced consumption of energy, which makes it difficult to optimize the efficiency of 

energy usage over large networks. Therefore, one significant element of these efforts is the 

development of passive cooling technology. This may allow an opportunity to store and release heat in 

a more efficient and compact manner by taking advantage of the latent heat of fusion of phase change 

materials (PCMs). By using such methods, one can optimize energy efficiency by balancing supply 

and demand in buildings, and one can reduce drastic changes in temperatures by increasing the 

thermal mass of lightweight structures.  

By integrating free cooling technology into building materials and controlling energy changes, these 

building fabrics can shift from passive to smart structures. This can lead to the reduction of heating 

and cooling demands, thereby reducing or eradicating the need for mechanical cooling and heating. 

Moreover, such methods promote off-site construction, resulting in less waste, which is yet another 

benefit to the environment.  The installation of such techniques can greatly improve the chance for the 

UK to reach its target of reducing energy and carbon emissions by 80% by 2050. The effect of such a 

change will provide occupants with cleaner air as well as large social benefits such as reduced costs.  
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Though building insulation has been found to reduce both CO2 emissions and energy consumption, 

overheating has become an unwanted result of such techniques. Passive cooling using PCMs can 

reduce this effect; this will encourage owners to install thermal insulation, which will reduce CO2 

emissions from heating.  

1.1.2 Free cooling technology 

Free cooling technology could contribute towards cooling building interiors, but also can be cooperate 

either with or without minimum electricity usage. Regarding the ñfree coolingò aspect, it is not about 

using the free energy only; it might also incorporate local-site natural resources with electric devices 

such as fans and heat pumps to improve thermal comfort in zero (lowest)-energy buildings. Therefore, 

free cooling needs to incorporate a method for using on-site energy as natural heat sinks for buildings; 

for example, soil cooling, ventilation cooling and evaporative cooling can be regarded as natural heat 

sinks. Figure 1.1 shows the classification of free cooling designs (Givoni, 1994; Santamouris, 1996).  
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Figure 1.1 Hierarchy of free cooling concept for buildings. (Adeel Waqas, 2013) 

1.1.2.1 Evaporative cooling  

Evaporative cooling cools air by the evaporation of water. Evaporating water absorbs heat from the 

surrounding air and thereby cools it. It then enters the air as water vapour and transmits (in the form of 

latent heat) the heat absorbed during evaporation back to the air. Therefore, the temperature of humid 

air hardly changes. The humidified and cooled air is used in the building for cooling purposes; this 

process is known as direct evaporative cooling, which is most suitable for dry air conditions.  

Overall, due to the evaporative process of water, it absorbs heat from the surrounding air to ensure the 

supplied air can be cooled. The air needs to be humidified; therefore, the performance of evaporative 

cooling technologies strongly depends on the local humidity of the outside air.  
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 1.1.2.2 Soil cooling    

Soil cooling is technology for cooling from the ground by a heat exchanger. Ambient air can be cooled 

by circulating it through a heat exchanger at 200ï300 meters below the earthôs surface, which has a 

relatively stable temperature below the average ambient temperature. Normally, at 2ï3 metersô depth, 

the temperature is reduced by approximately 3ÁC. Soil cooling is best implemented in desert climates, 

which can reduce the peak indoor temperature during the hottest summer months.  

1.1.2.3 Ventilation cooling  

Ventilation cooling is provision of comfort ventilation to inner spaces of buildings by cross ventilation 

(natural wind, electric fans, etc.). These kinds of systems are natural cooling strategies using the 

physiological cooling effect of airflow to take heat from inner spaces. This physical cooling strategy is 

normally used when the building mass is hotter than the ambient temperature.  

There is another other ventilation cooling strategy called nocturnal ventilation cooling, where the 

building fabric acts as a heat sink during the hot daytime, absorbing the heat gains and solar radiation, 

while the building structure can be cooled through the following night by incoming cooler air. Then, 

the next day, the building can maintain indoor temperatures below the outside temperature. These 

kinds of techniques are well suited for regions with large day/night temperature difference.  

1.1.2.4 Latent storage option  

This is the process in which a storage medium is used to store the cold when the room temperature is 

higher than the ambient temperature, which is extracted from the storage medium using an electric fan 

(Stritih, 2003; Zalba, 2004). It is normally in the form of sensible and latent energy types. The major 

difference between this method and nocturnal ventilation cooling is that the structures of the building 

(walls) act as a type of storage medium, which also can employ a separate thermal storage unit storing 

the cold and using an electrical device like a fan to convey the cold to and from the storage unit. The 

major benefit of heat storage cooling over nocturnal ventilation cooling is that the gathered cold can 

be used at any time that it is required by either the room air or the ambient air via the storage unit.  
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A vital component in this system is the thermal energy storage, as it stores the ambient cold, which 

can be used later during hotter periods of the day. Thermal energy, for cooling, is generally stored in a 

few different ways such as changing the temperature of the storage material (sensible heat storage) by 

changing the internal energy, or by changing the phase of the storage material or a combination of the 

two (Rosen, 2010; Sharma, 2009). Latent heat thermal energy storage systems using PCMs are 

favoured over alternative storage techniques because of the potential high-energy storage density and 

isothermal storage process. PCMs have high heat of fusion, meaning they melt and solidify at a 

certain temperature. They also have the ability to store and release large amounts of thermal energy at 

the particular phase change temperature. The material changing from solid to liquid or liquid to solid 

results in the absorption or release of thermal energy.  

PCMs could act almost as an isothermal reservoir of heat, as they can provide a large heat capacity 

across a limited temperature range. As the temperature increases, PCMs change phase to liquid from 

solid, and since this reaction is endothermic, they absorb heat. PCMs also produce an exothermic 

reaction by changing to solid from liquid, due to the exposure of a drop-in temperature, releasing heat. 

The general efficacy of PCMs is well established, but it remains to examine how effectively they 

enhance the energy performance of the building by the contribution of the latent heat load. Combining 

PCMs within latent heat thermal energy storage systems (within the building) will be complex in 

order to achieve maximum integration. This is due to the design parameters, such as the PCMôs phase-

change temperature, the position of its thermal mass within the latent heat thermal energy storage 

system and area of the latent heat thermal energy storage system position within the building. With 

regard to the position of the free cooling system, when assessing the potential of PCMs in buildings, 

one must acknowledge differences in design for residential buildings, service buildings and even high 

or low thermal-inertia buildings. This is because such parameters depend on given indoor loads and 

on climatic conditions. This will also result in the approach being different depending on the need 

(i.e., cooling during summer or heating during winter).  

Due to their weak thermal stability, low thermal conductivity, and high supercooling effect, PCMs 

have not gained popularity, despite many developments of PCMs for various applications. Moreover, 

PCMs require special devices if used in building fabric in order to prevent leakage when they change 

phase during the energy storage period, from solid to liquid. It is also worth pointing out that in 
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buildings there is concern regarding the life of PCMs (i.e., the number of cycles that can be tolerated). 

Thus, there are data on the number of cycles that also need to be considered.  

1.2 Project objectives  

This research aims to develop new PCM systems to obtain comfortable and healthy conditions in 

building spaces by reducing any unwanted heat and reducing energy consumption. It will also help 

reduce CO2 emissions and minimize the effects of climate change.  

To investigate and exploit the proposed technology, the following project tasks will be carried out:  

(1) Literature review on PCMs and the potential interaction between PCMs, thermally 

conductive additives, containers and building fabric materials, and screening the designs in terms 

of their possible success.  

(2) Design and fabrication of latent heat thermal energy storage systems using new PCMs, and 

optimal integration of these systems within a building. To examine the potential enhancement of 

the thermal conductivity of a PCM scheme by substituting the usual PCM containers, different 

fabrication procedures will be tested and assessed to measure their thermal performance and 

energy efficiency.  

(3) A small-scale test rig was designed and constructed to comprehensively evaluate the new 

active PCM system. Demonstration of the reduction of thermal stratification by using PCMs, and 

using mathematic modelling to determine whether the use of new PCMs will be better than normal 

electric air conditioning or other original PCM systems, and identify the relevant advantages.  

(4) The modelling work aimed to find the effect on cooling of using PCM systems; secondly, 

the work identified the best PCM system among the considered alternatives, and simulated the 

system in the real condition. 

1.3 Scope of work  

The main scope of this research is to study new methods for integrating PCMs into building fabric. 

This includes the main design parameters: PCMôs melting temperature, thermal mass and position 

within the latent heat thermal energy storage system, or the latent heat thermal energy storage 
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systemôs location within the building. Subsequently, the modelling methods are identified after 

comparing the effect of using enhanced PCM for reducing overheating in building construction.  

In addition, this work investigates the possibility of enhancing the PCM thermal conductivity by 

mixing it with construction materials (i.e., water, cement, gypsum and silica) for improving its 

capability for charging and discharging heat.  

The third aim of this work is to enhance the thermal performance of existing buildings through 

increasing their thermal resistances and using PCM.  

1.4 Significance of this research  

The energy consumed in buildings is over a quarter of the total in the world, and energy supplies are 

increasingly unable to meet demand. PCM-based technology, however, can take advantage of the 

latent heat of fusion to store and release heat; thus, it can be used to manage the demand and supply of 

energy in buildings. It also makes the inside environmental temperature steady. Its use in buildings 

will help reduce their massive energy consumption and reduce the pressure on the energy crisis.  

1.5 Hypotheses and challenges  

This work hypothesizes that combinations of a new mixture of PCM (mixture PCM) with water, 

gypsum, tubes, blisters, hydride and other construction materials can improve the building-envelope 

thermal performance (i.e., accelerate the ability of PCM to charge and discharge heat in the building 

envelope). This will help reduce the need for mechanical ventilation for cooling.  

1.6 Methodology  

 1.6.1  Literature review  

The literature review will guide the research objective and provide the basic foundation for this 

research as follows:  

É Define and narrow-down the problem(s) to be addressed  

É Place the current work in an historical perspective  
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É Avoid unnecessary duplication  

É Evaluate the current research methods  

É Summarise the related previous knowledge and explain the importance of the present study. 

 1.6.2  Calculation method  

An analytical method was used to effectively achieve the best results and validate them, as well as to 

find the appropriate quality of the PCM and to calculate the U-values of the walls and the energy 

consumption of the proposed system. An analytical method was used to validate the experimental 

results and to determine the required quality of the PCM to meet the requirements. An analytical 

method was also used to calculate the proposed systemôs energy load.  

 1.6.3  Modelling method  

This was carried out by creating a virtual building model in DeignedBuilder and Energyplus, which 

tested the PCMôs efficiency of cooling compared with a normal building. The results compiled from 

the full-scale test were used to validate the model.  

 1.6.4  Experimental research  

Three experiments were carried out in this research, and they are as follows:  

1) Monitoring the procedure of phase transition  

2) Thermal conductivity test of the building materials unit  

3) The thermal performance analyses of environmental chambers.  

1.7 Thesis structure  

The thesis is structured as follows:  

Chapter 1: Introduction  

The first chapter introduces the background to the research and highlights the aims, objectives, scope 

of work, hypotheses and thesis methodology.  

Chapter 2: Phase change materials (PCMs) literature review  
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The literature review mainly concerns use of passive cooling in buildings. It highlights the effect of 

the use of PCMs as a thermal energy storage method on improving thermal performance in buildings. 

It starts with explanations of the concept of PCMs, illustrates the classification and groups of PCMs 

and highlights the advantages and disadvantages of each group. Moreover, it demonstrates PCMsô use 

for different applications. Finally, the chapter offers a discussion on various studies on the use of 

PCMs in the building envelope carried out by other researchers.  

Chapter 3: Integrating PCM with different structures for passive cooling   

Chapter 3 presents an investigation into the development of different forms of PCM integration into 

buildings to improve thermal performance. Full explanations of the manufacturing and testing 

procedures are also presented. Results of tests and experiments for varying heat transfer coefficient 

values are also presented and compared, supported by complete explanations.  

Chapter 4: Integrating PCM slurry hybrid free cooling system  

A new mixture of PCM slurry hybrid free cooling system is designed and investigated. The 

performance analysis of the mixture PCM slurry system is evaluated, and the systematic 

determination of optimum design parameters of the mixture PCM slurry systems analysed. In 

addition, the different fabrication procedures were tested and compared to identify the most economic 

and efficient mixture PCM slurry system.  

Chapter 5: Modelling Investigation for PCM systems 

The DesignBuilder and Energyplus investigation was carried out to compare the four types of PCM 

prototype against the no-PCM prototype based on the former experiments. Thereafter, the modelling 

offers estimation of the PCM systems simulated in real rooms.  

Chapter 6: Conclusions and future work  

This chapter presents the main conclusions of the thesis along with suggestions for future work.  
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2.1 General  

Nowadays, free cooling design for energy efficiency in environmentally friendly buildings is 

emerging as a solution to the global energy crisis. As a sustainable solution, PCMs as latent heat 

storage can help to reduce fluctuations of temperature in buildings and reduce energy loads of air-

conditioning systems, increasing building energy efficiency by regulating heating and cooling 

systems. These thermal energy storage systems are essential for reducing dependency on fossil fuels 

and thereby contributing to a more efficient, environmentally benign energy use (Dincer, 2002).  

A major advantage of using PCMs compared to more traditional heat storage materials such as stone 

and concrete is the convenience of reduced space requirement (Sharma et al., 2009). PCMs also have 

the ability to increase the thermal mass of lightweight buildings without the application of thick, 

heavy materials found in traditional building constructions, which can significantly reduce time and 

cost. In addition, the phase transition ability of PCMs gives them the unique ability to control 

temperature fluctuations passively and, thus, the potential to reduce the need for mechanical cooling 

and heating.   

Therefore, PCMs may be the answer to a more sustainable future, as the passive building will become 

a more active eco-friendly structure that can reduce the consumption of energy and, thus, CO2 

emissions. Furthermore, due to their low requirements, PCMs can be easily fitted into the building 

fabric. PCMs can be effectively integrated within the structure (walls or concrete slabs) and partitions 

(walls), or even integrated in containers or other devices such as metal balls, plastic or metal flat 

panels, PCM tubes and more.  

PCMs clearly have great potential for reducing energy waste and, thus, carbon emissions. However, a 

thorough literature review reveals a lack of data or related investigations that focus on the use of 

PCMs in room ceilings. This presents a significant gap in data collected, as this technology may 

provide an exciting alternative for the control of indoor temperatures, thus enhancing thermal comfort 

in buildings with little or no need for air conditioners. Hence, it is suggested that experimental 

research may be required in this area. Existing research has tended to focus on PCMs potential as a 

passive cooler in buildings and focused on compiling and analysing solutions to problems found in its 

use, such as the high costs and its low conductivity.   
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Thermal energy storage can be split into two types: sensible heat storage and latent heat storage. The 

former has been widely used for centuries, but it requires more materials than the latter. The number 

of articles concerning PCM integration in building walls (PCMBW) has increased during the past five 

years. This review aims to present some suitable PCMs for utilization in buildings and for them to be 

incorporated with cooling systems. This chapter will explain this step-by-step.  

2.2 Phase change theory  

PCMs take advantage of the latent heat of phase change in order to control temperatures in a specific 

range. When the temperature becomes higher than a certain point, the PCM starts to absorb the heat in 

an endothermic process and starts phase transformation (usually from solid to liquid). On the contrary, 

as the temperature drops below that point, the material releases energy and returns to the previous 

state (i.e., the solid state generally). The energy used to alter the material phase (as the phase change 

temperature is around the desired room temperature) improves stability and comport of the indoor 

climate, as well as reducing peak cooling and heating loads (Baetens, 2010)  

From a common view, the solidïliquid phase change is mainly used in building envelopes. The 

material can be a pure substance, a eutectic mixture or a non-eutectic mixture. The phase change 

temperature is in the range of 20ï60 ÁC. 

 2.2.1  The phase transition  

The term phase transition refers to the transformation from one phase or state of matter to another in a 

thermodynamic system. A thermodynamic system phase and the states of matter have uniform 

physical properties. The transitions between the phases  (solid, liquid and gaseous) of a single 

component are due to the effects shown in Figure 2.1. 
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Figure 2.1 Diagram illustrating the nomenclature for the different phase transitions (Dincer, 2011; Zhou, 

2011) 

 2.2.2  The phase change in ideal conditions  

Figure 2.2 shows the performance of a PCM as latent heat storage. As shown in the figure, when a 

substance changes from one phase to another, it can cause sensible heat (change of temperature) and 

latent heat (change of phase). As shown in Figure 2.2, where point A is the initial solid state, as the 

temperature increases there are no structure changes between level A and B, then as the time goes on, 

the crystalline structure of materials begins a solidïsolid phase change between B and C. Then, 

sensible heating of the solid occurs between C and D, solidïliquid phase change start from point D to 

point E and sensible heating occurs again from point E to point F. Liquidïgas phase changes takes 

place in region F to G, the material absorbs heat as latent heat. Finally, sensible heating takes place via 

the gas from point G to H (Regin, 2008).  
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Figure 2.2 Diagram on the phase change in ideal conditions (Regin, 2008). 

 2.2.3  Supercooling  

Supercooling (also referred to as undercooling) refers to reducing the temperature of a liquid or a gas 

below its freezing point but without it becoming a solid. In the initial period, the crystals or nuclei 

propagate the material to a solid phase. The nucleation rate of the material is its capability to produce 

nuclei when the temperature decreases below the fusion temperature. However, if the nucleation rate 

is too low, the material can remain in the liquid phase at temperatures below the fusion temperature. If 

the material temperature rises again suddenly to the phase change temperature, the solidification will 

start later. Supercooling is very important for dealing with PCM.  

2.3 Phase change materials  

PCMs are substances with high heat of fusion, entailing melting and solidifying at a certain 

temperature, and they are capable of storing and releasing large amounts of energy (and thus are 

classified as latent heat storage [LHS] units). PCMs latent heat storage can be achieved through solidï

solid, solidïliquid, solidïgas or liquidïgas phase changes, though only the second of these can be 

used in buildings. Liquidïgas changes are impractical for use as thermal storage due to the large 

volumes or high pressures required to store the materials during gas phase.  

Liquidïgas transitions do have a higher heat of transformation than solidïliquid transitions. Solidï

solid phase changes are typically very slow and have a rather low heat of transformation.  



28 
 

The PCMs can be applied in many fields, including:  

1) Passive storage in bio-climatic building/architecture (HDPE, paraffin)  

2) Cooling of heat and electrical engines  

3) Cooling: use of off-peak rates  

4) Cooling: food, wine, milk products, greenhouses  

5) Heating and hot water: use of off-peak rates  

6) Medical applications: transportation of blood, operating tables, hotïcold therapies  

7) Safety: temperature level maintenance in rooms with large computers or electrical/electronic 

appliances  

8) Smoothing exothermic temperature peaks in chemical reactions  

9) Solar power plants  

10)  Spacecraft thermal systems  

11)  Thermal comfort in vehicles  

12)  Thermal protection of electronic devices (integrated in the appliance)  

13)  Thermal protection of food: transport, hotel trade, ice-cream, etc. 

14)  Thermal storage of solar energy.  

 2.3.1  Properties and selection criteria of PCMs  

PCM properties are considered from four aspects: thermodynamic, kinetic, chemical and economic 

properties. PCMs used for thermal energy storage are expected to have high thermodynamic 

properties like thermal conductivity, latent heat storage capacity etc. Kinetically, PCMs should 

possess a sufficient crystallization rate and a high nucleation rate for the system to meet the demands 

of heat recovery and avoid supercooling. In addition, chemical stability and compatibility extend the 

service life of PCMs and building constructions. PCMs chosen for thermal energy storage should be 

abundant, available and cost-effective in order ensure their proliferation and the benefit therefrom. A 

list of selection criteria is shown in Table 2.1.  
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Table 2.1 Selection criteria for PCMs 

Property Types  The properties that PCMs should have  

Thermodynamically  (i)  Desired melting point  

(ii) High latent heat of fusion per unit volume  

Physically (i) Small volume changes during phase change  

(ii) Small vapour pressure at operating temperature  

(iii)  High thermal conductivity and specific heat  

(iv) Congruent melting  

Kinetically  (i)  High nucleation rate  

(ii) High crystallisation rate  

Chemically  (i)  Chemical stability and no degradation  

(ii) Complete reversible freeze/melt cycle  

(iii) Non-corrosive, non-toxic, non-flammable and non-

explosive  

Economically  (i)  Abundant and available  

(ii) Low cost  

 

 2.3.2  Classification of PCMs  

A large number of PCMs are available in any required temperature range. Classifications of 

advantages and disadvantages of PCMs are given in Figure 2.3 and Table 2.2. Many organic, 

inorganic and eutectic materials can be identified as PCMs in terms of melting temperature and latent 

heat of fusion. As no single material can have the characteristics of an ideal thermal storage media, the 

poor physical properties of available materials should be compensated for by means of system design. 

For example, metallic fins can be used to increase the thermal conductivity of PCMs; in-congruent 

melting can be inhibited by use of suitable thickness; and supercooling may be suppressed by 

introducing a nucleating agent in the storage material. Due to their very different thermal and 
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chemical behaviours, the properties of each sub group affect the design of latent heat thermal energy 

storage systems.  

        

Figure 2.3 Classification of phase change material (Zhou, 2011) 

  

Table 2.2 Advantages and disadvantages of PCMs (Abhat, 1983) 

Organics Inorganic Eutectics 

Merits 

1. Availability in a large 

temperature range 

2. Freeze without much 

supercooling 

3. Ability to melt congruently 

4. Self-nucleating properties 

5. Compatibility with 

conventional material of 

construction 

6. No segregation 

7. Chemically stable 

8. High heat of fusion 

9. Safe and non-reactive 

10. Recyclable 

1. High volumetric latent heat 

storage capacity 

2. Low cost and easy 

availability 

3. Sharp melting point 

4. High thermal conductivity 

5. High heat of fusion 

6. Low volume change 

7. Non-flammable 

1. Eutectics have sharp 

melting points, similar to 

pure substances. 

2. Volumetric storage density 

is slightly above organic 

compounds. 
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Demerits 

1. Low thermal conductivity in 

their solid state. High heat 

transfer rates are required 

during the freezing cycle. 

2. Volumetric latent heat 

storage capacity is low. 

3. Flammable (This can be 

easily alleviated by a proper 

container.) 

4. Due to cost considerations, 

only technical grade paraffin 

may be used, which is 

essentially paraffin mixture 

and are completely refined 

of oil. 

 

1. Change of volume is very 

high 

2. Supercooling is major 

problem in solidïliquid 

transition 

3. Nucleating agents are 

needed, and they often 

become imperative after 

repeated cycling. 

1. Only limited data is 

available on thermo-

physical properties, as the 

use of these materials is 

very new to thermal 

storage applications. 

 

2.3.2.1 Organic PCMs  

Organic PCMs can be separated into paraffin and non-paraffin compounds. As shown below (Figure 

2.4), non-paraffin compounds can also be referred to as fatty acids.  

 

Figure 2.4 Organic PCMs (Abhat, 1983) (Zalba, 2003) 
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Various approaches have been suggested for combatting the problem of low conductivity, which aims 

to enhance thermal transfer during both the liquid and solid transitional phases during thermal latent 

heat storage. Applying metallic fillers, metal matrix structures, aluminium and finned tubes are among 

the methods that have been proposed to improve thermal conductivity for paraffin compounds 

(Hasnain, 1998)  

2.3.2.1.1 Paraffin  

The benefit of commercial paraffin waxes is that they have a reasonable thermal storage density, of 

120kJ/kg up to 210kJ/kg, and are relatively inexpensive. The strength of paraffin lies within its 

properties; it is chemically inert, can come in a large range of melting points (from approximately 

20ÁC up to about 70ÁC), whilst still keeping a low vapour pressure during melting (thereby avoiding 

phase segregation). In addition, when applying differential scanning calorimetry (DSC), it was found 

that paraffin waxes, even with thermal cycling, show no significant degradation to their thermal 

performance.  

In spite of these advantages, the major disadvantage of paraffin is its low thermal conductivity (about 

0.2W/mK), which significantly reduces its effectiveness (Farid, 2004), and it experiences a large 

volume change during the phase transition. Paraffin waxes are not compatible with plastic containers, 

and they are moderately flammable (Hasnain, 1998).  

Paraffin is mostly comprised of straight chain n-alkanes CH3ï(CH2)ïCH3. A large amount of latent 

heat is released during the crystallization of the (CH3ï)-chain. The increase of chain length causes an 

increase to both the latent heat of fusion and the melting point. Due to its strong performance under 

high temperatures, paraffin qualifies as a good heat fusion storage material.  

2.3.2.1.2 Non-paraffin  

A benefit of using non-paraffin options is that they can come in a wide range of organic materials such 

as esters, fatty acids, alcohols and glycols, with fantastic melting and freezing properties, low 

pressure, non-corrosiveness and stability. However, in light of these advantages, the major drawback 

of using such materials is the massive cost entailed, as much as three times more expensive than 

paraffin (Hasnain, 1998). They have low thermal conductivity (ranging from 0.15 to 0.17W/mk.), with 
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comparatively highly flammability. When comparing paraffin and non-paraffin compounds, the latter 

tend to become more unstable at high temperatures as well as being 2ï2.5 times more expensive than 

commercial paraffin compounds.  

The substances of highest interest are fatty acids or palmitoleic acids (i.e., CH3(CH2)nCOOH) due to 

their unique properties. Such qualities include a relatively low melting point and a high latent heat of 

fusion; on the other hand, it does not undergo supercooling during freezing and it undergoes quite a 

small volume change during its phase transition. Thus, we will explore these acids further. Firstly, the 

most common fatty acids can be separated into six groups: myristic, palmitic, lauric, caprylic, capric 

and stearic, with from eight to eighteen carbon atoms per molecule. Melting points, freezing points, 

and heat of fusion range between 16ÁC and 65ÁC, 17ÁC and 64ÁC, and 155 kJ/kg and 180kJ/kg, 

respectively. However, there is an apparent a shortage of materials around the comfort temperature 

(21 ÁC).  

Each of the non-paraffin materials has its own properties, unlike that of paraffin, and many have been 

used as PCMs with highly varied properties. These substances also form part of the largest group of 

candidates for phase change storage materials. It is essential to note that some of these materials are in 

fact flammable and, therefore, should not be exposed to excessively high temperatures, oxidizing 

agents or flames.  

Some of the features of these organic materials are as follows:  

1) High heat of fusion  

2) Low-flammability  

3) Low thermal conductivity  

4) Low flash points  

5) Varying level of toxicity  

6) Instability at high temperatures.  
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Table 2.3 Some thermal properties of organic materials found in the literature 

Materials  

Tf 

(ÁC)  

Hf 

(kJ/kg)  

Cps 

(kJ/kg/K)  

Cpl 

(KJ/kg/K)  

Ks 

(W/mK)  

Kf  

(W/m/K)  

Reference  

GR25  23.2ï24.1  45.3  1.2  1.2  n.a.  n.a.  Ahmad, 2006 

PEG600  22  127.2  n.a.  2.49  n.a.  0.189  Ahmad, 2006 

Octadecane  27  243.5  1.934  2.196  0.358  0.148  Alawadhi,2008 

Eicosane  37  241  2.01  2.04  0.15  0.15  Alawadhi, 2008  

P116  47  225  2.4   1.9  0.24  0.24  Alawadhi, 2008 

Butyltearate  19  140  n.a.  n.a.  n.a.  n.a.  Athienitis, 1997  

ERMEST2325  17-20  138  n.a.  n.a.  n.a.  n.a.  Banu, 1998; Scalat, 

1996 

RT27  26-28  179  1.8  2.4  0.2  0.2  Borreguero, 2010; 

Castell, 2010; 

Castell·n, 2009; 

Evers, 2010 

MICRONAL26  26  110  n.a.  n.a.  n.a.  n.a.  Castell·n, 2009; 

Cabeza, 2007  

RT20  22  172  n.a.  n.a.  n.a.  n.a.   Fang, 2006  

MP65%-

MS35%  

21.8ï24.5  175  n.a.  n.a.  n.a.  n.a.  Feldman, 1995 

MP77%-

MS23%  

22.4ï23.8  177  n.a.  n.a.  n.a.  n.a.  Feldman, 1995 

MP93%-MS7%  22.2ï22.8  182  n.a.  n.a.  n.a.  n.a.  Feldman, 1995 

GR41  43  63  n.a.  n.a.  n.a.  n.a.   Huang, 2006  

GR27  28  72  n.a.  n.a.  n.a.  n.a.   Huang, 2006  

Eutectic 

capricmyristic  

21.7  155  n.a.  n.a.  n.a.  n.a.   Karaipekli, 2008  

MICRONAL 

5001  

26  110  n.a.  n.a.  n.a.  n.a.  Konuklu, 2009  

MICRONAL 

5008  

22  110  n.a.  n.a.  n.a.  n.a.  Konuklu, 2009  

Heptadeane  22  214  n.a.  n.a.  n.a.  n.a.  Koschenz, 2004  

PCM28-D  28  180ï195  n.a.  n.a.  n.a.  n.a.   Ming, 2003 

UNICERE55  45ï60  185  n.a.  n.a.  n.a.  n.a.  Lee, 2000  
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Eutectic 

capricstearic  

24.7  170  n.a.  n.a.  n.a.  n.a.  Sari, 2008 

Non-eutectic 

capriclauric  

19.2ï20.3  144ï150 

 

n.a.  n.a.  n.a.  n.a.  Shilei, 2007 

U3  28  244  n.a.  n.a.  0.28  0.22  Voelker, 2007 

U4  13.6ï23.5 

 

104. 

5107. 

5  

4  4.1  0.18  0.22  Kuznik, 2008; 

Kuznik, 2009; Liu, 

2009  

RT25  25  147  2.9  2.1  1.02  0.56  Weinlder, 2005 

 

2.3.2.2 Inorganic PCMs  

 

 

Figure 2.5 Inorganic PCMs (Abhat, 1983; Zalba, 2003) 

The strengths of using inorganic materials include having a relatively high heat of fusion, having a 

high thermal conductivity, being cheap and being non-flammable. The drawbacks are that they tend to 

be corrosive to most metals, undergo supercooling and undergo phase decomposition.   

When comparing and contrasting the benefits and weaknesses of inorganic to-organic PCMs, 

inorganic PCMs have a sharp melting point, a relatively higher thermal conductivity (~0.5W/mK), a 

high volumetric storage density (~350MJ/m3) and a lower price. In contrast, weaknesses include 

In
o

rg
a

n
ic

Salt hydrate

Metallic Materials



36 
 

supercooling during phase transition and being non-compatible or corrosive to most known metals, 

which incorporating them into the building structure a massive challenge. Inorganic materials are 

further classified as salt hydrates, and metallic materials are shown in Figure 2.5. 

2.3.2.2.1 Salt hydrates  

Salt hydrates usually are regarded as inorganic salts and water forming a typical crystalline solid of 

the general formula ABĿnH2O. The thermal storage of the salt comes from the solidïliquid 

transformation of salt hydrates, which resembles thermodynamically freezing or melting.  

A salt hydrate usually melts either to a salt hydrate with fewer moles of waterði.e., 

ABĿnH2O Ÿ ABĿmH2O+ (nīm) H2O, 

ðor to its anhydrous form,  

ABĿnH2O Ÿ AB + nH2O. 

The hydrate crystals break down at their melting point into either an anhydrous salt and water or into a 

lower hydrate and water. A drawback of salt hydrates is the inconsistency with melting, as the water 

released during crystallization is unable to dissolve all the solid phase present. The lower hydrate 

(anhydrous salt) often forms a layer at the bottom of the container due to density differences.  

Another common problem with most salt hydrates is that they tend to have poor nucleating properties, 

which causes supercooling of the liquid before crystallization can begin. To combat this deficiency, 

one can add a nucleating agent, which provides nucleons (one of the particles that makes up the 

atomic nucleus) or can retain some crystals that can act as nuclei, in a small cold region.   

Salt hydrates have been extensively explored and analysed for their use in thermal storage materials 

and can be viewed as the most important group of PCMs. The properties that stand out the most 

include:  

1) Comparatively high thermal conductivity (almost double that of paraffin) 

2) High latent heat of fusion per unit volume 

https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Atomic_nucleus
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3) Very small changes during melting: Not too corrosive, only marginally toxic and compatible 

with plastics. In addition, most are sufficiently inexpensive for the use in storage. 

Melted salts can be divided into three different behaviours: congruent, in-congruent and semi-

congruent melting.  

1) Congruent melting is triggered by the anhydrous salt becoming completely soluble during the 

melting process, in its water of hydration.  

2) In contrast, in-congruent melting occurs because the salt is not completely soluble in its water 

of hydration during the melting phase.  

3) Semi-congruent melting occurs when the liquid and solid, during melting, form an equilibrium 

during the transitional phase, and it is of a different melting composition due to the change to a 

lower-hydrated material as a result of water loss. The biggest challenge facing the use of salt 

hydrates that are suitable for PCMs is the incongruence during melting. The melted solution 

becomes supersaturated during melting because the n moles of water of hydration are insufficient 

for dissolving one mole of salt. Because of its higher density, the solid salt tends to formulate at 

the bottom and, thus, be unable to re-merge with water during the freezing process. This causes a 

melting-freezing of the salt hydrate that is irreversible and continues to decrease with each 

chargeïdischarge cycle.  

Another deficiency common to salt hydrates is supercooling. This arises from the fact that the rate of 

nucleation at the point of fusion tends to be very low, thus forcing the solution to be supercooled in 

order to achieve a reasonable rate of nucleation. Therefore, the resultant discharge at fusion 

temperature occurs at a much lower temperature.  

A further problem is related to the spontaneity of salt hydrates with lower frequencies of water moles. 

A way to combat this problem is by adding chemicals that can prevent the nucleation of lower salt 

hydrates. The introduction of chemicals can have added benefits such as preventing the nucleation of 

lower salt hydrates, which could increase the solubility of the lower salt hydrates in comparison to the 

original salt hydrates, which contain higher numbers of water moles.  

To overcome in-congruent melting, any one of the measures below can be used:  
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1) Mechanical stirring  

2) Reducing separation by encapsulating the PCM  

3) Preventing the setting of the solid salts by adding thickening agents, which will hold the salt in 

suspension  

4) Avoiding melted crystals that produce a supersaturated solution by using excess water  

5) Making in-congruent materials congruent by changing the chemical composition of the system.  

Some salt hydrates used as inorganic PCMs are listed in Table 2.4. 

Table 2.4 Inorganic PCMs shown in literature 

Materials 

Tf 

(ÁC)  

Hf 

(kJ/kg)  

Cps 

(kJ/kg/K)  

Cpl 

(kJ/kg/K

)  

Ks 

(W/mK)  

Kf 

(W/mK)  
Reference  

Eutectic salt  32  216   n.a.  n.a.  n.a.  n.a. Carbonari, 

2006  

SP25A8  25ï26  180  2.5   n.a. 0.6  0.6  Castell ,2010  

Calcium chloride 

hexahydrate  

26ï29  175  2.3  1.4  1  1  Evers, 2010  

Sodium thiosulfate 

pentahydrate 

40ï48  210  1.46  2.4   n.a.  n.a. Hadjieva, 2000 

U1  30ï32.5  131   n.a.  n.a.  n.a.  n.a. Medina, 2008; 

Zhang, 2005  

U2  26ï28  188  1.44  1.44  1.09  0.54  Pasupathy, 

2008 

CaCl2Ŀ6H2O  29.8  191          Voelker, 2008  

S27  27  190  1.5  2.22  0.79  0.48  Weinlder, 2005 

L30  30  270  1.23  1.79  1.02  0.56  Weinlder, 2005  

 

 2.3.3 Metallic materials 

Due to their weight, metallic materials have not normally been considered; however, as they have high 

thermal conductivities, the fillers (which entail added weight penalties) are not needed. Therefore, if 
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the volume is brought into consideration, due to the high heat of fusion per unit, they are viable 

candidates. The use of metallic materials poses a number of unusual engineering problems, and one of 

the main differences between the metallic materials and other PCMs is their high thermal 

conductivity.  

Some of the features of these materials are as follow:  

1) Low heat of fusion per unit weight  

2) High heat of fusion per unit volume  

3) High thermal conductivity  

4) Low specific heat and relatively low vapour pressure.  

Eutectic mixtures use the minimum melting composition of two or more components, each of which 

melts and freezes congruently. Eutectics almost always melt and freeze without segregation due to the 

fact that when they freeze they form an intimate mix of crystals. The specific melting point and higher 

heat storage capacity per unit volume are both important benefits of using eutectic mixtures. Eutectics 

can be mixtures of organic and/or inorganic compounds. Therefore, eutectics can be organicïorganic, 

inorganicïinorganic or organicïinorganic mixtures (Babaei, 2013). This allows for a wide variety of 

combinations that can be tailored for specific applications.  

Though it has drawn significant interest over the last decade, the research on pure compound PCMs is 

more comprehensive than that on use of eutectic PCMs in latent heat thermal energy storage systems. 

Therefore, there is extensive scope for further research regarding the thermophysical properties of 

eutectics, as many combinations have yet to be tested and proved.  

When melting, both components liquefy simultaneously, but again with separation unlikely. Some 

segregated PCM compositions have sometimes been called eutectics; however, this would be 

incorrect. The components undergo a peritectic reaction during phase transition; therefore, they should 

properly be named peritectics. The thermal storage application of eutectics is still immature; thus, 

more research on these kinds of PCM is expected in the future.  
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2.4 Commercially available PCM products  

By 1990, only about 12 companies (mostly in the USA) were manufacturing heat storage products. 

Modules were made in the form of polyolefin balls and polyethylene tubes using the following as 

PCMs: paraffin, calcium chloride hex hydrate, sodium sulphate decahydrate etc. Only storage devices 

built on the basis of CaCl2Ŀ6H2O had a guaranteed service period of 10 years (it was between 1 and 2 

years for others).  

At present, the main supply companies in the market of phase change heat and cold storage materials 

include CIAT Cristopia (France, 1936), TEAP Energy (Australia, 1995), Rubitherm GmbH (Germany, 

1993), EPS Ltd. (UK, 1985), PCM Thermal Solutions (USA, 2014), Climator (Sweden, 1979) and 

Mitsubishi Chemical (Japan, 1994). A wide range of PCMs is produced by EPS Ltd.: These are listed 

in Table 2.5, showing a selection for use in buildings.  
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Table 2.5 PCMs in the market 

 

A number of articles concerning the application of PCMs in buildings have been published over the 

last ten years. According to these articles, ideal PCMs should satisfy the requirement of desired 

melting temperature, high thermal conductivity and latent heat of fusion per unit volume, good 

stability of chemical properties, high nucleation rate, effective cost and so on. However, in practical 

terms, it is difficult for a type of PCM to achieve the ideal goal for the reason that the majority of 

PCMs can be classified in organic, inorganic or eutectic categories, and each of these categories has 

different properties and characteristics.  

PCMôs in buildings have two major objectives. The first is the storage of thermal heat from the 

utilization of natural solar energy heat. The second is using man-made heat or cold sources to create 

space heating and cooling, using examples like peak-load shifting, which depends on the time period 

matching the availability and demand for the energy to be used. These two objectives combine to 

create the overall objective of applying PCMôs for thermal energy storage to create an economic and 

technically reliable system (Tyagi, 2007).  
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One way (PCM passive heating/cooling system) involves automatically gaining or releasing stored 

heat or cold when the PCMôs melting or freezing point is breached. Another way is the active system. 

In this approach, in individual sections, the heat or cold is either stored or released and then the 

insulation thermally separates them from the building. In active systems, the heating and cooling is 

controlled to meet demand. Different possible latent heat thermal energy storage devices for space 

heating and cooling are studied in the following section.  

Using PCM as temperature regulators that reduce temperature fluctuation between the day-time and 

the night-time can be seen in PCMs integrated in walls, partitions, ceilings and floors, as shown in 

Figure 2.6. By applying PCMs into the system to store and release heat, or create cool air, space 

heating and cooling will take place because the objectives of space thermal comfort and energy saving 

can thereby be realized.  

 

Figure 2.6 Comparison of temperature difference between with or without PCMs (Kuznik, 2008) 
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2.5 Containers of PCMs for buildings  

 2.5.1  Microencapsulation of PCMs  

  

Figure 2.7 MicronalÈ PCM offered by BASF (BASF, 2011) 

A conventional PCM storage system cannot overcome one big problem: PCMs cannot fully melt, 

resulting from poor thermal conductivity of PCMs such as paraffin wax. In order to solve this issue, a 

new technique of utilizing microencapsulated PCMôs (Figure 2.7) has been developed in recent years. 

Microencapsulation comprises small, spherical or rod-shaped particles in a thin, high molecular 

weight polymeric film. The normal size of particles ranges from 11 ɛm to more than 300 ɛm 

(Hawlader, 2003). The encapsulation process was discovered and developed by B. K. Green of the 

National Cash Register Corporation (NRC) in the 1940s and 1950s (Green, 1953). The use of 

microencapsulated PCM can not only provide a perfect solution for leaking from the arranged place, 

but can also avoid the PCMs reacting with the outside environment. Furthermore, its size and 

construction materials could increase ability of heat transfer from inside the PCM to the outside 

environment. Regarding the cycling stability, microencapsulated PCMs still perform well, because the 

phase separation is restricted to microscopic distances.  

Figure 2.8 illustrates a functional diagram of a microencapsulated PCM, showing the process when 

the PCM absorbs heat by melting, and when energy is returned to the ambient temperature while 
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solidifying. This change of phase occurs inside the micro capsule, which conserves its solids state 

throughout process. The heat transfer performance is also better than that of macroencapsulated 

PCMs, mainly due to the relatively large surface area to volume ratio presented overall (Zhang et al., 

2010).   

    

Figure 2.8 (Left) Functional diagram of the microencapsulated PCM and (Right) schematic representation of 

a microcapsule of PCM (Ju§rez et al., 2013) 

Mixture PCMs are predominantly paraffin-based, as illustrated in Figure 2.8. For most of the mixture 

PCMs, the melting temperature is 21 C, 23 C or 26C, as shown in Table 2.6. The advantage of 

mixture PCMs is that they can be used with different building materials, which will be discussed in 

Chapter 4.  

Table 2.6 MicronalÈ PCM properties (BASF, 2011). 

Product  
Melting point 

(approx.) 
Application 

Overall storage 

capacity 

(approx.)  

Latent heat 

capacity 

(approx.)  

DS 

5000  
26ÁC 

Summertime excessive heating 

protection 
59 kJ/kg 45 kJ/kg 

DS 

5007  
23ÁC 

Stabilisation of the indoor 

temperature in the comfort zone 

Passive and active application   

55 kJ/k 41 kJ/kg 



45 
 

DS 

5030  
21ÁC 

Surface cooling systems  
51 kJ/kg 37 kJ/kg 

DS 

5001  
26ÁC 

Summertime excessive heating 

protection  
145 kJ/kg 110 kJ/kg 

DS 

5008  
23ÁC 

Stabilisation of the indoor 

temperature in the comfort zone  

Passive and active application 

135 kJ/kg 100 kJ/kg 

 

Some advantages of microencapsulated PCMs are listed below:  

(1) Increased heat transfer area (according to the heat transfer equation)  

(2) Reduction in the reactivity towards the outside environment  

(3) Changes can be controlled in the storage material volume  

(4) It allows the PCM to be incorporated simply and economically into conventional construction 

materials.  

 2.5.2  Macroencapsulated PCMs  

In addition to microencapsulated PCMs, several methods for encapsulated PCMs have also showed 

good results, such as flat plate, cylindrical, shell and tube and spherical encapsulation, which is shown 

in Figure 2.11. According to Zalba (2002; 2004), a flat plate with a 15-mm channel width resulted in a 

charging time of 4 hours and a discharging time of 6 hours, which is reasonably acceptable for the free 

cooling due to their relatively sufficient discharging period. Regarding PCM tubes, their advantages 

are that they are easy to build, and also match with PCM slurry, and their heat conductivity can be 

improved though air flow design and in-built copper spring; The PCM in a shell with honeycomb 

structure can make the PCM phase change occur in the axial and radial directions in order to increase 

the area of convective heat transfer (Lacroix, 1993).  
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Figure 2.9 Honeycomb-panel filled with PCM (paraffin) (HASSE, 2011)  

Figure 2.10 Macroencapsulated PCM 
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PCM balls can be regarded as a ñgiant microencapsulated PCMò. The advantage of using them is that 

they have larger surface areas, though they have lower flexibility than microencapsulated PCMs.  

The use of plastic tubes is one of the solutions for macroencapsulation found in the market. The tubes 

offered by PCM Products Ltd. contain PlusICEÊ (a mixture of nontoxic eutectic or hydrated salt 

PCM) in high-density polyethylene (HDPE) tubular plastic that is fully sealed. Temperatures at which 

they can be used range from -40ÁC to +117ÁC); they are often used in tube-in-tank phase-change 

thermal energy storage systems (i.e., for energy storage). The smooth shape of these plastic tubular 

containers allows excellent heat transfer, and they are currently used for increasing efficiency of other 

passive or active systems and/or in industrial heat storage applications. These PCM tubes, specifically 

PlusICEÊ hydrated salt S23, will be discussed in the experimental section of this thesis and will be 

presented later.  

2.6.2.1 PLATES   

Plate containers are plastic containers constructed to contain PCMs. The containers can be stacked on 

top of each other due to the internal support of each container. As seen in Figures 2.11 and 2.12, this 

design allows for a large heat exchange, and the space between the containers increases the movement 

of air around each container. The weight of the plates is also fairly small, at around 0.37 kg for a small 

container and up to 5.57 kg for the larger containers of Flat ICE (PlusICEÊ, 2011).  

However, if these plates are intended for use in buildings, the main problem is structural support.  
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          Figure 2.11 Flat ICE plastic containers (PlusICE, 2011).  

  

Figure 2.12 Design of the Flat ICE container, showing the internal support (PlusICE, 2011).  

Cƭŀǘ L/9   
  

  

LƴǘŜǊƴŀƭ ǎǳǇǇƻǊǘ   
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2.6.2.2 Pouches for PCMs  

Pouches are made of plastic or metal materials. The main advantages of this type of container is the 

thickness ( only a few millimetres), which results in a higher ability of charging and discharging, 

which ensures the cycles of melting and freezing. This aids the effective use of the PCMs. This 

category of containers is mainly used to transport medical products and food that can be set in a 

smaller package, as seen in Figure 2.13 (PlusICE, 2011). PCM pouches and panels were tested by 

Lazaro (2009a; 2009b), and the latter was found to be superior to the former. 

 

  

Figure 2.13 Pouches carrying PCMs (Cryopayk, 2010; Zhou et al., 2012)  

 2.5.3  The direct impregnation of building materials  

Some of the encapsulated PCMs have been marketed for solar applications in the last 20 years; 

however, the surface area of most encapsulated commercial products has been poor for heat transfer to 

buildings after the PCM was melted by direct solar radiation. In contrast, the ceilings and walls of a 

building have large areas for passive heat transfer in every part of the building.  

Therefore, several researchers have sought methods for impregnating gypsum wallboard or other 

structural materials with PCM.  
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The simple way to use this in buildings is mixing PCMs into gypsum, concrete or other porous 

materials. Khudhair and Farid (2004) explained the different impregnation techniques.  

The materials used for impregnation are as follows:  

(1) Plaster (Athienitis, 1997; Banu, 1998; Scalat, 1996; Borreguero, 2010; Feldman, 1995; 

Koschenz, 2004; Sari, 2008; Shilei, 2007; Shapiro, 1989; Hawes, 1993; Feldman, 1991; Feldman, 

1996) 

(2) Concrete (Hadjieva, 2000; Hawes, 1993; Kedl, 1989; Salyer, 1990) 

(3) Vermiculite (Karaipekli, 2008). 

(4) Wood (Li, 2009) 

(5) Cement (Li, 2009) 

(6) Compound (Lin, 2005; Xu, 2005; Zhang, 2006). 

2.5.3.1 PCM wallboards  

Wallboards are widely used in many applications, as they have good compatibility with PCM 

encapsulation. Kedl (1989) and Salyer (1990) used paraffin wax to impregnate wallboards for passive 

solar applications. The immersion process for filling the wallboards with PCM was successful for full-

size use. The method for impregnation is imbibing liquid PCM into the pore space of the plasterboard 

or to impregnate during the wet stage of plasterboard manufacture.  

Shapiro (1989) devised methods for impregnating gypsum wallboards and other architectural 

materials with PCM. He demonstrated suitability of several PCMs for introduction into gypsum 

wallboard with possible compatibility for the Florida climate. These PCMs were a mixture of methyl 

palmitate, methyl stearate and mixtures of short chain fatty acids (capric and lauric acids).  

2.5.3.2 PCM Trombe wall  

A Trombe wall is a primary example of an indirect gain approach. It consists of a thick masonry wall 

on the south side of a house and a single or double layer of glass in front of the wallôs surface. Solar 

radiation goes directly through from the glazing. The surface of the wall is black so that it can absorb 

heat and then store it in the wall. When the indoor temperature falls below that of the wall, the stored 
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heat begins to radiate into the room. The PCM Trombe wall is an attractive concept for heat storage. 

The PCM in the wall is heated during the day by solar heat. Then the heat transfer takes place from 

the wall to whole room. The PCM wall requires less space than traditional Trombe walls and is much 

lighter in weight. Therefore, a PCM Trombe wall is quite a successful approach.  

2.5.3.3 PCM tiles  

PCM integrated into floor tiles has been installed in a bioclimatic house (named Magic Box) for an 

energy storage system, as shown in Figure 2.14  (Cer·n, 2011). This project was part of the 2005 

Solar Decathlon event organized by the US Department of Energy. The temperature was monitored 

during the test competition period (i.e., two months). The results showed the possible benefits with the 

use of these floor systems. Nevertheless, it has been considered essential to make a new prototype of 

the tile that could be placed directly on the framework, as this would be more useful as well as 

cheaper.  

  

  

Figure 2.14 Cross-section of the prototype (Cer·n, 2011) 

As shown in Figure 2.15, the tile is 660mm x 660mm x 52mm in size. It consists of four pieces of 20-

mm-thick pure clay stoneware, a 3-mm top metal sheet, a 32-mm-thick metal container (containing 

paraffinic mixture), and finally a 22-mm layer of thermal insulation, which in turn will serve as 

acoustic insulation for the framework (Cer·n, 2011). 
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Figure 2.15 PCM tiles (Isabel Cer·n, 2011). 

The physical parameters of the PCM used are as follows:  

(1) Thermal conductivity (solid) 0.58W/mK  

(2) Thermal conductivity (liquid) 0.291 W/mK  

(3) Phase-change temperature (fusion) 20ÁC  

(4) Phase-change temperature (solidification) 13.5ÁC.  

 

Figure 2.16 Thermal performance (Cer·n, 2011). 
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As shown in Figure 2.16, in the times of day when the outside temperature is at its lowest, the PCM 

tiles supply the stored energy to the environment. Therefore, the increase of the temperature at the 

surface of the tile reaches values from 1.5ÁC to 2.0ÁC above the temperature at the surface of the tile 

without PCM. This occurs until the tile re-enters charge mode, which is usually between 8:00 a.m. and 

10:00 a.m. (Cer·n, 2011). 

 

2.6 PCM installation-based technologies for buildings  

 2.6.1  NVP system  

Yanbing (2003) designed the Night Ventilation System (NVP system) with a PCM to increase the heat 

efficiency of the building (Figure 2.17). Cold air is stored by the NVP system during the night and is 

then released into rooms in the day-time. The system containing 20 shelves with three layers (2.4m 

Ĭ3m Ĭ0.12m) was attached to the ceiling of an experimental room with a volume of 10 m3, which had 

all together about 2000 capsules containing fatty acid and a total of 150kg of PCM (melting 

temperature between 22ÁC and 26ÁC). The experimental results proved that the NVP system decreases 

room temperature and increases the thermal comfort level.  

             

Figure 2.17 NVP system (Yanbing, 2003). 
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 2.6.2  Ventilation system  

Zalba (2004) suggested an installation for testing the performance of PCMs (Figure 2.18) and a flat 

plate heat exchanger with encapsulated PCM (RT25, Rubitherm, GmbH). Experiments were 

performed using 3kg of PCM, entailing 28 kWh/m3 density for heat storage. The main focus of that 

study was the ratio of energy/volume in encapsulates load and the cost of the installation. The results 

showed that the thickness of the encapsulation, the temperature of the inlet air, the air flow, and the 

interaction between thickness and temperature were obviously influencing the process of the 

solidification and melting period (Figure 2.19). In addition, using a graphite matrix in a flat plate 

encapsulate can improve the heat transfer rate. The study findings showed response time was much 

lower (50% in time) and could be reached with a very low reduction of the energy stored.  

  

Figure 2.18 Installation for free cooling (a) TES device; (b) design by (Zalba, 2004) 
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Figure 2.19 Exchanged energy during melting and solidification (Zalba, 2004), experimental processes: 

DOE1F (30ÁC, 100m3/h, 15mm), DOE2F (30ÁC, 150m3/h, 15mm), DOE3F (28ÁC, 100m3/h, 15mm), DOE4F 

(28ÁC, 150m3/h, 15mm), DOE5F (28ÁC, 150m3/h, 25mm), DOE6F (28ÁC, 100m3/h, 15mm), DOE7F (28ÁC, 

100m3/h, 25mm), DOE8F (30ÁC, 100m3/h, 25mm); DOE1S (18ÁC, 150m3/h, 15mm), DOE2S (18ÁC, 100m3/h, 

15mm), DOE3S (16ÁC, 100m3/h, 15mm), DOE4S (16 oC,150m3/h, 15mm), DOE5S (16ÁC, 150m3/h, 25mm), 

DOE6S (18ÁC, 150m3/h, 25mm), DOE7S (16ÁC, 100m3/h, 25mm), DOE8S (18ÁC, 100m3/h, 25mm). 

Takeda (2004) proposed a ventilation system using direct heat exchange between PCM granules and 

air. A PCM-packed bed (4.59 kg, consisting of 65% ceramics and 35% paraffinic hydrocarbon) was 

installed vertically in a supply air duct. Air was blown through the packed bed under certain 

conditions releasing heat or cold to it. In the test, they inlet air was periodically varied (21.5ÁC and 

28.0ÁC) for simulating changes of ambient air temperature. It was found that the outlet air was 

stabilized and remained in the phase-change temperature range. It was also proved that it could reduce 

the ventilation load maximum by 62.8% during the summer by using the PCM bed.  

 2.6.3  Mechanical ventilation  

Arkar (2007) investigated two units of latent heat thermal energy storage (one for cooling the fresh 

supply air and the other one for cooling the recirculated indoor air) that were integrated into a 

mechanical ventilation system, as shown in Figure 2.20. The PCM they used is RT20 (Rubitherm 

Gmbh), which was encapsulated in spheres. The results showed that the new system could reduce the 

size of the mechanical ventilation system and provided more favourable temperatures.  

 

 

Figure 2.20 Different mechanical ventilation modes (Arkar, 2007) 
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Arkar also developed another system with only one latent heat thermal energy storage system and 

elucidated the most efficiency size for the system, as shown in Figure 2.21.   

  

 

Figure 2.21 Elevation view of the experimental apparatus (Arkar, 2007) 

 2.6.4  Ventilation cooling system  

Turnpenny (2000) studied a novel ventilation cooling system for reducing air-conditioning in 

buildings through the heat pipes embedded in PCM containers for low-energy cooling of buildings, as 

shown in Figure 2.22.  
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Figure 2.22 Schematic of proposed heat PCM installation (Turnpenny, 2000)  

 2.6.5  Floor heating  

The floor is also an important part of a building in terms of heating and cooling. Athienitis and Chen 

(2000) investigated the heat transfer of floor heating systems with PCM; the system could be used for 

off-peak storage of thermal energy in buildings, so that the peak loads could be reduced and shifted 

during the night when electricity costs are lower. An electrical heating system with paraffin wax 

(melting point, 40ÁC) placed under flooring was used, where the heating system placed a 30-mm layer 

of PCM between the heating surface and the floor tiles. Using computer simulation, they found that 

the heat output of the floor could be raised significantly, from 30 to 75 W/m2, if using a PCM for 

storage. Nagano (2000) investigated the floor air conditioning system with latent heat storage in 

buildings. The floor size of the experimental cell was 0.5m2. The materials used were glass beads with 

PCM. The 3-cm-thick PCM packed bed was installed under floorboard with multiple small holes. The 

change of temperature and amount of stored heat in the room were measured, and it was shown that it 

could shift cooling load by using packed granulated PCM.  
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2.7 Measuring the thermal properties of PCMs  

 2.7.1 Techniques for measuring thermo-physical properties  

There are two main techniques for measuring the thermos-physical properties of PCMs (Zalba et al., 

2003; Huang, 2002):  

1) Differential thermal analysis (DTA)  

2) Differential scanning calorimeter (DSC). 

In these techniques involve heating sample and reference materials at a constant rate. The temperature 

difference between the two materials is proportional to the difference in heat flow between them, 

recorded as a DSC curve (recommended reference material is alumina (Al2O3)). Calculation of latent 

heat of fusion is done using the area under the peak and melting temperature estimated by the tangent 

at the point of the greatest slope on the face portion of the peak.  

 

 2.7.2  Measuring thermal conductivity  

The hot-wire method (Frusteri et al., 2005) makes use of a constantan wire that is connected by two 

electric connectors in order to measure thermal conductivity of solid materials. The thermocouple is 

set between two samples of material (as shown in Figure 2.23). Temperature is recorded by using a 

thermocouple, where 10 seconds of constant voltage is used as an input. The test procedure is 

replicated many times to minimize error. Close attention should be paid when connecting the hotwire 

with substance surfaces.  
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Figure 2.23 Thermal conductivity measurement using hot-wire method (Frusteri et al., 2005) 

 2.7.3  Heat flow meter (HFM) method  

The HFM method consists of a cold plate and a hot plate using a refrigerator and a heater to control 

respective temperatures. Additionally, the sample is located in a high-efficiency insulated box and 

adjusted to control the thickness between plates. The HFM is designed for one-dimensional heat 

transfer with an accuracy level of Ñ1 (refer to Section 5.3 for more details about HFM) (Darkwa and 

Kim, 2005).   

2.8 Conclusion  

The huge demand for thermal comfort of buildings is always increasing globally. This means that the 

improvement of the thermal energy storage is increasingly important, as it can reduce costs incurred 

by companies and reduce the dependence on fossil fuels through improving the performance and 

reliability of energy systems.  

PCMs, which are a type of latent heat storage material, are seen as having many benefits, including 

economic benefit, as they reduce the need for active systems of heating or cooling with fans. 

Moreover, CO2 emissions are reduced by use of environmental PCM systems. Therefore, it is 

increasingly important to understand the properties of PCMs for different applications.   
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Many studies have been published in the last ten years focusing on PCM use in buildings. These 

articles have listed many different requirements of using PCMs such as getting the desired melting 

temperature, the high thermal conductivity and the latent heat of fusion per unit volume. In addition, 

the good stability of chemical properties, the high nucleation rate and effective cost among others 

were all listed. However, due to the fact that the majority of PCMs could be classified as organic, 

inorganic or eutectic, all of which have their own distinctive properties and characteristics, it is 

difficult for the PCMs to achieve the set objectives.  

At present, the temperature range of the most commonly used PCMs for space heating and cooling is 

around 22ï25ÁC. However, commercial PCMs in the lower temperature range, around 5ï25ÁC, are 

currently short of storage, especially if the products have a melting point between 15ÁC and 20ÁC.  

Although there seem to be a lot of benefits for buildings to use PCMs, there remains room for 

improvement, including the fact that poor heat transfer may lead to the PCMs not solidifying at the 

right time. Moreover, if a large amount PCM is required for heat storage , other approaches may be 

better.  
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 3.1 Incorporating PCM blisters in the panel  

Many PCMs have been developed for various applications. However, the reason why PCM-based 

technology has not gained popularity is that they require special devices for leak protection during 

solidïliquid phase change in the energy storage period.  

It is well known that the PCM encapsulation should meet the following requirements:  

1)  Strength, flexibility, corrosion resistance and thermal stability; 

2)  Act as a barrier to protect the PCM from harmful interaction with the environment  

3)  Provide sufficient surface for heat transfer  

4)  Provide structural stability and easy handling (Soares, 2013).  

In order to achieve the above requirements, a new unique method of integrating PCMs into building 

fabric or other structures is based on using a PCM encapsulated in a novel blister pack system. 

Incorporating PCMs into óblister packsô enables conductive particles to be added, provides a barrier to 

leaching and enables PCMôs to be designed to have varying freezing/melting points (and therefore 

adaptable to changes in environmental conditions and user needs). The phase transitions can be 

controlled and triggered by external factors such as electrical, magnetic, ultrasonic, chemical or 

mechanical means. By integrating energy storage into building fabrics and controlling energy fluxes, 

the building fabric can be converted from a passive element into a smart structure that reduces heating 

and cooling loads and minimizes or eliminates the need for mechanical heating and cooling.  

To realize the novel encapsulation method, the proposed blister pack PCMs (bpPCMs) are designed to 

be incorporated into plasterboard of insulated walls or used as an independent free cooling unit. 

Incorporation of these bpPCMs significantly reduces energy consumption related to ventilation or air-

conditioning, and the correlated techniques are described in the following subsections in detail. 

 3.1.1  Blister Pack  

A blister pack is made from film materials. The films typically use thermoplastic materials, such as 

Polyvinyl-Chloride (PVC) or Polyvinylidene Chloridecoated PVC (PVDC). The films can be clear 

plastic, but in pharmaceutical packaging, they are either plain or printed foil. In addition, aluminium 
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foil is a preferred material. The making of a blister pack consists of six processes, as shown in Table 

3.1. 

The use of PCMs is considered an effective way to achieve passive cooling for buildings. The 

principle is based on the diurnal temperature change, during which a PCM changes from liquid to 

solid by releasing heat at night and then back again by absorbing heat during the daytime, resulting in 

passive cooling of the occupied space in a building. The PCMs are based on materials including 

CaCl2+6H2O and organic materials such as paraffin. As a PCM changes between solid and liquid 

phases, it needs to be properly packaged in the application. For integration with building envelopes, 

micro-encapsulated PCMs have been developed. In the format of a passive cooling unit, PCMs may 

potentially be in a macro-encapsulation mode, such as in a flat, spherical or tubular shape. However, 

micro-capsulation is expensive, while macro-encapsulation causes poor heat-transfer performance. 

Therefore, the present project has been proposed to investigate a novel packaging method (i.e., blister-

packaging), for the PCMs application in buildings. Blister-packaging is easy and economical, and this 

will form a new range of encapsulated PCM products that overcome the disadvantages of 

microencapsulation and macro-encapsulation.  

Table 3.1 Processes of making blister packs 

Processes Description 

Forming 

The plastic blister cavities are formed at the forming station when the 

forming film is pressed into the indentations of the forming tool 

(indirectly cooled with cold water) with compressed air / die plates.  

Feeding / 

filling 

The formed film is moved to the filling station; the product is then 

passed down a vibratory chute and into the brush box of the filling 

station; it is then loaded into the pockets of the film using a manual 

or flood feeder system. 

Sealing 

At a prescribed temperature (typically between 140ÜC and 210ÜC) 

and under pressure, the lidding foil is heat-sealed to the film at the 

sealing station. The film / foil web is then cyclically cooled between 

the top and bottom cooling plate in the cooling station, ensuring a 

reliable further processing of the film / foil web.  
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Cutting 

At the punching station, the blisters are separated into sheets 

typically containing 1ï4 blisters. The sheets are carried from the 

discharge belt via a blister marshalling unit.  

Reject 

The vision system, via the reject mechanism, stops defective blisters 

from entering the next stage of production. Sheets with defective 

blisters are stopped and compressed air blows them into a reject 

chute. 

Packaging 

Non-rejected sheets are then transferred to the next downstream unit, 

where the cartoning machine packs the individual sheets into cartons, 

which are packed into shippers. 

 

 3.1.2  Innovation  

Conventional systems use PCMs that have poor thermal conductivities, causing reductions in heat 

transfers as phase change progresses. Wallboard PCMs are mainly paraffin-based and present 

flammable risks in buildings due to leaching. The phase change temperatures are also fixed, and thus 

only suitable for limited periods of the year, preventing full utilization.  

The current method integrates PCMs by integrating novel patented bpPCMs into the building fabric. 

This approach allows us to select various types of PCMs in a single product, such as paraffin- and 

wax-based PCMs (n-Heptadecane and n-Octadecane), salt-hydrate PCMs, and molecular alloy PCMs 

(compounds of aluminium and silicon).   

In blister-encapsulating PCMs, materials with high thermal conductivity can be introduced in the 

system, such as metal and carbon particles or other additives, to enhance heat transfer. The blister 

pack provides a substantial barrier to leaching and may be selected for enhancement of thermal 

conductivity. PCMs of differing phase transition temperatures may be introduced into a wall panel. 

This could allow the PCMs to be active over a wider range of temperatures, altering the dynamics of 

convection within a room by absorbing and releasing heat at different temperatures and variable 

heights.  

 ɹ 
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 3.1.3  Fabrication of blister-packaged PCMs (bpPCMs) samples  

The initial test used a normal blister capsule sealed with a metal shell by a sealing machine in 

Marmont Laboratory by the author. The sample was weighed after dipping in water to check for any 

possible leakage; no water leakage was identified. The materials of the shell were better, having high 

thermal conductivities, as it would determine the performance of heat transfer for PCMs. Therefore, 

the heat-sealing method (corresponding tests were shown in Figures from 3.1 to 3.4) and aluminized 

tape has been used in this project in order to make the PCMs fully dissolved, in which copper particles 

are mixed with PCMs (Figure 3.2).  

  

        

Figure 3.1 Heat sealing on blister 

  



66 
 

 

Figure 3.2 Copper particles have been mixed with PCM 

  

3.1.3.1 Monitoring the procedure of phase transition  

The first aim is to monitor whether the materials were working or not. The phase change was 

observed after the samples were dipped in a warm water container, and it showed promising results 

(good thermal behaviour) in the following experimental condition (the external temperature was 5ÁC 

higher than the melting temperature of each sample, to obtain a proper phase transition speed, neither 

too fast nor too slow).  

  

Figure 3.3 Use the scale to test if water gets inside during the test 
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Figure 3.4 Use the water tank to model the ideal external temperature 

3.1.3.2 Monitoring the procedure of phase transition  

Tests on three samples were shown in the following sections and tables, which record the material 

parameters, experimental conditions, temperature changes, duration of phase transformation etc. 

3.1.3.2.1 Test recording of Sample 1 

The basic information, solidïliquid transition behaviour and liquidïsolid transition behaviour of 

Sample 1 are shown in Tables 3.2 to 3.4. 

Table 3.2 Basic information on Sample 1. 

PCM unit Sample 1 

Weight  17.1g 

PCM weight  5.1g 

Melting point (ÁC)  25 
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Table 3.3 Solidïliquid behaviour of Sample 1. 

Time (min)  Status  Sample temperature (ÁC)  

0:00  Solid form 23 

0:01  Solid form 25  

0:02  Solid form 27  

0:03  Solid form 29  

0:04  Melting stage  30  

0:05  Melting stage 30  

0:06   Melting stage 30  

0:07   Melting stage 30  

0:08   Melting stage  30  

0:09   Liquid form 30  

 

Table 3.4 Solidïliquid behaviour of Sample 1. 

Time (min)  Status  Sample temperature (ÁC)  

0:00  Liquid form 30.0  

0:01  Liquid form 24.0  

0:02  Liquid form 21.2  

0:03  Solidifying stage  20.3  

0:04  Solidifying stage 20.3  

0:05  Solid form 20.0  

Note: The weights have not changed during the test, which proves that external water has not entered 

the capsule.  
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3.1.3.2.2 Test recording of Sample 2 

The basic information, solidïliquid transition behaviour and liquidïsolid transition behaviour of 

Sample 1 are shown in Tables 3.5 to 3.7. 

Table 3.5 Information of Sample 2 

PCM unit Sample 2  

Weight  16.3g  

PCM weight  5.1g  

Melting point(ÁC)  27  

 

 Table 3.6 Solidïliquid behaviour of Sample 2 

  

 

 

 

 

 

 

 

 

 

 

Time (min)  Status  Sample temperature (ÁC)  

0:00  Solid form 23  

0:01  Melting stage 26  

0:02  Melting stage 29  

0:03  Melting stage 32  

0:04  Melting stage  32  

0:05  Melting stage 32  

0:06  Liquid form 32  
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Table 3.7 Liquidïsolid behaviour of Sample 

Time (hour)  Status  Sample temperature (ÁC)  

0:00  Liquid form  32.0  

0:01  Solidifying stage  26.1  

0:02  Solid form 22.1  

Notice: The weights have not changed during the test, which can prove external water has not 

entered the capsule.  

3.1.3.2.3 Test recording of Sample 3 

The basic information, Solidïliquid transition behaviour and liquidïsolid transition behaviour of 

Sample 1 are shown in Tables 3.8 to 3.10. 

Table 3.8 Information of Sample 3 

PCM unit  Sample 3  

Weight  11.6g  

PCM weight  5.1g  

Melting point(ÁC)  52  

 

Table 3.9 Solidïliquid of sample 3 

Time (min)  Status  Sample temperature (ÁC)  

0:00  Solid form 23.0  

0:01  Solid form 35.2  

0:02  Solid form 49.0  

0:03  Melting stage 57.0  

0:04  Melting stage 57.1  
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0:05  Melting stage 57.0  

0:06  Melting stage 57.0  

0:07  Melting stage 57.0  

0:08  Melting stage 57.0  

0:09  Melting stage 57.0  

0:10  Melting stage 57.0  

0:11  Melting stage 57.0  

0:12  Melting stage 57.0  

0:13  Melting stage 57.0  

0:14  Melting stage 57.0  

0:15  Melting stage 57.0  

0:16  Melting stage 57.0  

0:17  Melting stage 57.0  

0:18  Melting stage 57.0  

0:19  Melting stage 57.0  

0:20  Melting stage 57.0  

0:21  Melting stage 57.0  

0:22  Melting stage 57.0  

0:23  Melting stage 57.0  

0:24  Melting stage 57.0  

0:25  Melting stage 57.0  

0:26  Melting stage 57.0  

0:27  Melting stage 57.0  

0:28  Melting stage 57.0  

0:29  Melting stage 57.0  

0:30  Liquid form 57.0  
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Table 3.10 Liquidïsolid of sample 3 

Time (min)  Status  Sample temperature (ÁC)  

0:00  Liquid form 57.0  

0:01  Solidifying stage 57.0  

0:02  Solidifying stage 57.0  

0:03  Solidifying stage 57.0  

0:04  Solid form 57.0  

Notice: The weights have not changed during the test, which can prove external water has not entered 

the capsule.  

 

 3.1.3.3 Results  

Figure 3.5 shows the state transformation of different PCMs from the solidïliquid phase. It is clear 

that Sample 3 (52ÁC) changed the slowest compared to the others.  

 

Figure 3.5 The phase transformation of each sample from solid to liquid  
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Figure 3.6 shows the status of different PCMs between the solidïliquid phase transitions. It is 

clear that Sample 1(25ÁC) changed the slowest compared to the others. 

 

 

Figure 3.6 Phase transformation of each sample from liquid to solid. 

 3.1.4  Plasterboard integrating the PCM blisters into the building fabric  

Once the PCM blisters pack system has been made, it is important to work out how they could be 

incorporated within the building fabric. The direct way for PCM blister application is to integrate the 

PCM blisters into the plasterboard, as shown in Figure 3.7. These plasterboard systems can be utilized 

on a ceiling or partition wall for improving thermal performance. Both direct methods are the simplest 

and most economical. The PCM blister pack system is directly fixed in the plasterboard, gypsum or 

concrete during the manufacturing process. It does not require any extra equipment, and it can 

effectively prevent leakage. Some problems, however, such as lack of compressive strength and poor 

thermal conductivity, may be pointed out in the later tests.  

This test aims at the following objectives:  

1) Designing three types of gypsum panel prototypes with PCMs  

2) Testing the prototypes in laboratory conditions  
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3) Calculating the heat transfer coefficient for different types of the prototypes.  

 

3.1.4.1 Experimental  

The test aims to measure the heat transfer coefficient of the designed plasterboard using the blister 

PCM pack system. Measurement works according to the steady-state method, providing an accurate 

measurement. The method consists of a thin heater apparatus and a measurement by data apparatus. 

This experiment has tested three types of the panels: plasterboard with blister PCMs (RT23), 

plasterboard with blister PCMs (RT21) and non-PCM plasterboard.  

3.1.4.2 Making the gypsum panel sample with PCMs  

Gypsum is a common mineral found in many places around the world. It consists of water in 

crystalline. The process of making PCM panel is as follows:  

1)  Make about 80% gypsum and 20% sand with 2L water to mix.  

2)  Stir them up until smooth.  

3)  Put the eight PCM blisters into the gypsum; leave some space for each blister for firming.  

4)  Use the frame to make the Gypsum with PCM 300mm Ĭ 300mm.  

5)  Put the plasterboard in a shady, cool place, and then wait about 7 days until it dries completely. 
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Figure 3.7 (a) Mix PCM in plasterboard and (b) Blister PCM packs  

  

 

Figure 3.8 Wait until dry 

3.1.4.3 Heat transfer coefficient and performance test  

These three PCM panels were fixed into the middle of the box, which divides the box into two sides 

with the same inner dimensions. For the simulated room, a box was constructed with standard 15-mm 
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plywood. The dimensions of the box are L=109cm, W=91cm, h=75cm. Then, we put the 300W heater 

into one side of the box. The panel and the electric wire were sealed so that the data will be exact.  

In the experiment, we used PCMs that have a latent heat capacity of 150 J/g and a melting point of 

24ÁC. They were obtained from RUBITHERM GmbH (Germany). The test was conducted in order to 

evaluate if the thermal performance of the Blister PCM could achieve the comfort temperature 

environment.  

Each panel was tested by using a thin heater apparatus and the measurement until the data becomes 

stable and then log the result of heat flux from T2 and T1. The cycle of the test is 3 days.  

 

Figure 3.9 Seal the board of the plasterboard 
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Figure 3.10 Log the result from Delogger PC 

3.1.4.4 Material information  

Below is the information of the PCM, gypsum and sand used for comparing the results:  

1) TEST SAMPLE 1  

PCM: RT21  

Type: n-paraffin and waxes  

The RUBITHERMÈ PCMs provide a very effective means for storing heat and cold, even when 

limited volumes and a low operating temperature difference are applicable. The information on 

Sample 1 is listed in Table 3.11. 

Table 3.11 Information on Sample 1. 

Melting point  21ÁC  

Heat storage capacity  134kJ/kg  

Density of solid  0.88kg/l  
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Density of Liquid  0.77kg/l  

Volume expansion  14%  

Heat conductivity  0.2W/(mK)  

Volume expansion  12%  

Flash point(PCM)  154ÁC  

Corrosion  Chemically inert with respect to most 

materials  

Water hazard  Water hazard class(WGK)1  

  

2) TEST SAMPLE 2  

PCM: RT23  

Type: n-paraffin and waxes  

The information on Sample 2 is listed in Table 3.12. 

Table 3.12 Information on Sample 2. 

Melting point  23ÁC  

Heat storage capacity  184KJ/kg  

Density solid  0.88kg/l  

Density Liquid  0.76kg/l  

Volume expansion  16%  

Heat conductivity  0.2W/(mK)  

Flash point(PCM) 164ÁC 

 

3) TEST SAMPLE 3  

PCM:  Normal Plasterboard 
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3.1.4.5 Result  

Using measurements of the heat flux ű (derived from heater power), the differential temperature 

across the samples, ȹT and the effective sample thickness, d, calculating the heat conductivity 

coefficient ɚ (W/m2K) is simple:  

 ɚ = űd/ ȹT  

The measurements of ű, ȹT and d are direct measurements of power, temperature and dimensions, 

respectively. This is contrary to methods like the "guarded hot plate,ò which require reference 

materials or calibrated heat flux sensors.  

Test 1 RT21   

(Sample 1) 

 ɚ = ű d/ȹT =0.348 (W/m2K)  

Test2 RT23  

(Sample 2) 

ɚ = ű d / ȹT=0.462 (W/m2K)  

Test3 (Non-PCM)  

ɚ = ű d / ȹTp =0.621(W/m
2K)  

 

 To investigate the thermal performance of the PCM blister plasterboard, a wooden cell divided 

with two sides was used; 30-W heat sources were set in each cubicle. The information of the test 

is shown in Table 3.13. The duration of the test was 24 hours, and the laboratory temperature was 

23ÁC. 
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Table 3.13 Basic information of the simulation of temperature test 

PCM-Type  RT24  

PCM-melting point  24ÁC  

PCM-heat storage capacity  150kJ/kg  

PCM-quantity  4256g  

Test covered area  560mm x 370mm in each side  

Body temperature simulations  Osram Eco Classic 30W SES Golf 

Ball  

  

 

Figure 3.11 Comparison between two sides of the cell 

 

This experiment was performed from the 15th to 16th of June 2013 under experiment conditions. The 

lab ambient temperature was fixed at the range of 23ÁC in the day-time to 20ÁC in the night-time 

during the whole experiment. The 30-W interior heat source was used for heating during the 
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experiment, as was the human temperature. In Figure 3.11, it can clearly be seen that the PCM blisters 

pack system kept trying to make the aimed cubicle return to the comfort temperature under the 

influence of the golf ball. It can be seen from the figure that, at the start of the test, the indoor 

temperature was continually rising by the ambient environment and the working golf ball from 24ÁC 

to 30ÁC. It clearly reached an uncomfortable level and was over the melting point of the PCMs.  

As a result, the PCM blisters pack system started to absorb heat from the targeted cubicle, thereby 

bucking the trend of an increase in temperature. The temperature remained within the range between 

25ÁC and 26ÁC. At the end of the test, the temperature of the empty cubicle had decreased from 31ÁC 

to 28ÁC at night-time, while in the cubicle with the PCM blisters pack systemôs test, it remained at the 

comfortable level, which is from 24ÁC to 26ÁC. To sum up, PCM blisters packs have proven equal to 

the task of this experiment; they allowed the cubicle to stay at the comfortable level between 24ÁC 

and 26ÁC.  

 3.1.5  PCM combined with vacuum insulation panel (VIP) or aerogel  

The main function of the PCM blisters pack system is thermal storage and reducing the cooling load 

in the hot summer weather. However, because of the poor heat storage capacity, they remain to be 

optimized.   

It is clear that the insulation materials for the buildings can provide excellent resistance to air 

infiltration; the materials are used to reduce the heat transfer from the outside to achieve the desired 

comfort in the indoor environment. Although insulation materials and PCMs are based on different 

theories, they are both ultimately aimed at creating a stable indoor temperature and reduce the large 

load of labor and electricity.  

Therefore, in this case, the possibility of cooperation between the vacuum insulation panels (VIPs) 

high thermal insulation and the heat storage capacity of the blister PCMs will be investigated in this 

thesis.  
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1) Vacuum insulation panels (VIPs)  

VIPs (as shown in Figure 3.12) are regarded as one of the most promising high-performance thermal 

insulation solutions on the market today, due to their high thermal resistance. Although a perfect 

vacuum cannot be achieved, it still holds the greatest potential for insulation.  

 

Figure 3.12 Vacuum insulation panels 

2) Aerogel  

 

Figure 3.13 Example of aerogel 
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Like VIPs, aerogels (as shown in Figure 3.13) are a new promising high-performance thermal 

insulation material. Aerogels are dried gels with a very high porosity (H¿sing, 1998) and were 

discovered in the early 1930s by Kistler (1931). Due to their super small size of pores and high 

porosity, aerogels have an extraordinarily low heat transfer coefficient, and good optical and acoustic 

characteristics. However, they are now limited to only being used in a few fields as they have a high 

cost. Most of the researchers on this material are focusing on cost reduction and finding new raw 

materials for producing aerogels. If the problem above could be solved, the aerogels would be ideal 

thermal and acoustic insulation materials.  

3.1.5.1 Experiment  

This test was used to measure the thermal performance of VIPs with PCM and aerogel with PCM. 

Measurement works according to the steady-state method, in order to provide an accurate 

measurement. The method consists of a thin heater apparatus and a measurement by Datataker & 

Delogger. The experiment tested two samples, and the selected PCMs were 27ÁC. 

By measuring the heat flux (derived from heater power) and the differential temperature across the 

samples, it is straightforward to calculate the heat transfer coefficient ɚ:  

ɚ =ű d / ȹT 

The measurements of f (heat flux) and ȹT are direct measurements of power, dimensions and 

temperature. This is contrary to methods like the "guarded hot plate", which requires reference 

materials or calibrated heat flux sensors.  

 This test has the following objectives:  

1)  Designing two types of VIPs with PCM and aerogel with PCM panels  

2)  Testing the prototypes in laboratory conditions 

3)  Calculate the heat transfer coefficient for different types of the prototypes.  

3.1.5.1.1 Make VIPs with PCM and aerogel with PCM panels  
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VIPs and aerogel are the most promising insulation materials, and this test aims to integrate the PCM 

with these two panels (Figures 3.14 and 3.15) and make a comparison.  

 

Figure 3.14 VIPs with PCM panels 

 

Figure 3.15 Aerogel panels (same thickness as VIPs)  
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3.1.5.1.2 Testing method  

A thin heater apparatus and a measurement were used to test each panel until the data becomes stable, 

and then logged the result at T2 and T1. The cycle of the test was 2 days.  

    

Figure 3.16 Seal the board of the plasterboard 
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Figure 3.17 Log the result from Delogger PC  

3.1.5.2  Results  

3.1.5.2.1 Results of VIP Sample 1 

The process detail is described as follows: 

1) Heat flux 

According to the result from the data logger and using Excel to calculate, the average voltage is: 

0.030267 mV *1000 = 30.267ɛV. 

To calculate the heat flux, the sensitivity constant is 63.9ɛV/Wά , and therefore, the heat flux (ű ) 

of Sample 1 is: 

ű  = 30.267ɛV / 63.9ɛV/Wά  = 0.47W/ά . 
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2) æt 

According to the result from the DataTaker and using Excel to calculate: 

Average = 40.53 ÁC 

Average = 27.54 ÁC 

So, æt = 12.99 K. 

3) Heat transfer coefficient 

 ɚ = ű d  / ȹT = 0.47366 W/m2 / 12.99 K = 0.036 (W/m2K) 

 

3.2.5.2.2 Results of aerogel Sample 2  

The process details are as follows: 

1) Heat flux  

According to the result from the DataTaker and using Excel to calculate, the average voltage is: 

0.102916 mV * 1000 = 102.916ɛV. 

To calculate the heat flux (ű), he sensitivity constant is 63.9ɛV/Wά . 

Therefore, the heat flux (f) of Sample 1 is:  

ɚ  = 102.916ɛV / 63.9ɛV/Wάī2 = 1.61 W/ά2. 

2) æt  

According to the result from the DataTaker and using Excel to calculate:  

Average = 40.34 ÁC  
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Average = 23.96 ÁC  

Therefore, æt = 16.38 K  

3) Heat transfer coefficient  

 ɚ = ű d  / ȹT = 1.61057 W/ ά2 / 16.38 K = 0.098 (W/m2K)  

  

 

Figure 3.18 Temperature varies with time for each sample under 40ÁC 

Compared to the original VIP and aerogel samples in Figure 3.18, the two equipped with PCM blisters 

panels had some effects on the cooling field. Regarding the VIP panel with the PCM, it showed that it 

was similar with the VIP only at the beginning, while when the indoor temperature reached 27ÁC, 

which is the melting point of the selected PCM, the sample with the PCM started to grow significantly 

slower than the VIP only until the end of the test. Regarding the aerogels, the aerogel with the PCM 
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panels achieved an excellent result, as it kept the indoor temperature below 24ÁC throughout the 

experiment. The aerogel-only sample showed the average performance in the test.  

  

3.1.5.3 Placing blister PCM into the ceiling cavity  

The other simpler way is that of placing PCM blisters pack systems into the ceiling cavity. As warmed 

air flows upwards, on the top of ceiling tiles is the easiest but also most effective application for PCM 

blister pack systems (Figure 3.19).  

Unlike insulation materials, which must create a full sealing barrier to resist thermal change, PCM 

blisters pack systems ideally only require simply covering around the top of the ceiling, which can 

save a lot of trouble for the user.  

 

Figure 3.19 Place for dropping PCM blister pack systems onto ceilings (Bio-PCM, 2013) 

 3.1.6  Conclusion  

Although blister panel PCMs seem quite attractive for buildings, they remain to be explored and 

improved. For example, the poor heat transfer may show that PCMs cannot solidify totally in the 
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desired time. Therefore, a more suitable design regarding PCMs needs to be developed. Another 

example is the amount of the PCM needed for building. If a massive quantity of PCM is required for 

heat storage, the bpPCM may not be the wisest choice for buildings. In other words, the latent heat of 

PCMs still requires improvement.  

Using the PCMs blisters pack systems offer the potential to energy storage in buildings. The results 

showed that:  

 ̧Inclusion of the PCM blisters pack system could reduce heating rate and peak indoor 

temperatures.  

 ̧Adding the number of coppers inside the blisters can enhance heat transfer to PCM.  

 ̧Plasterboard integration with PCM blisters pack system showed a promising result in terms of 

thermal performance.  

 ̧The aerogel panel with the PCM blister pack systems performed better than the VIP with PCM. 

It kept the indoor temperature below 24ÁC.  

  

3.2 Integrating PCM tubes  

 3.2.1  Introduction  

Positive Temperature Eutectic Solutions (PlusICE) between +4ÁC and 117ÁC can be charged using 

free cooling or conventional water chillers and are used in many energy-saving applications. PCM 

tubes are the latest applications in passive cooling technology. When the surrounding temperature is 

lower than the PCM melting temperature, which is normally at night, these tubes freeze naturally due 

to the lower night ambient temperature. During the day time, these froze tubes start to absorb the inner 

air temperature, contributing to a constant comfort temperature. Therefore, the PCM tubes could be 

regarded as temperature controllers to optimize the room temperature for comfort. As long as the 

quantity of the PCM tubes is sufficient, their total latent heat could match the daily room heat gains, 

and this application could have promising prospects.  



91 
 

This section was used for analysis of the cooling capabilities of PCM PlusICEÊ S23. This was done 

to analyse its effects on a roomôs air temperature fluctuation as well as its possible reduction of 

overheating in the cubicle. All experiments were performed in laboratories located in the 

environmental chamber, which is a controlled air temperature room. This chamber was fixed with two 

designed temperatures (from 18ÁC to 28ÁC) with the aim of investigating the melting (melting point 

23ÁC) and freezing of the PCM  inside a smaller room. To simulate a standard room, an insulated 

wooden box was made and then placed inside the environmental chamber. This box was tested three 

times, always preserving the different temperature fluctuations of air from the chamber throughout the 

same time period, as follows:  

- First, not using PCM  

- Secondly, by using PCM tubes  

- Thirdly, by using another PCM scheme, made of recyclable beverage cans filled with the 

same volume of material as a novel proposed scheme.  

 3.2.2  Monitoring the characteristics of PCM tubes  

Firstly, the experiment studies the behaviour of the phase change period during the melting part and 

the solidification part in the controlled condition.  

  

Figure 3.20 Environmental chamber  
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The test has used the environmental chamber (Figure 3.20) instead of a normal water bath and a heat 

transfer fluid (HTF) supply system. In order to measure the temperature distributions in the PCM 

tube, six thermal cables were set up around the tube with the position of the thermal cables bottom, 

middle and top inside the tube, and bottom, middle and top outside the surface of the tube, 

respectively. All thermal cables are from the type-K immersion probe temperature sensors provided by 

Hukseflux. The target PCM tubes are made up of the HDPE plastic container, which is filled with 

S27PlusICE (Positive Temperature Eutectic Solutions) PCMs. These tubes can be stacked for 

multipurpose use in thermal energy storage applications. The properties of the selected PCM tubes in 

the experiment are given in Table 3.14. In order to maintain the efficiency of the PCM tubes, the 

PlusICE tubes were fully sealed after filling for safe and reliable operation.  

Table 3.14 The properties of selected PCM tube 

Type of PCM  Hydrated Salt S27  

Phase Change Temperature  27ÁC  

Density  1.530 kg/m3  

Latent heat capacity  183 kJ/kg  

Volumetric heat capacity  280 mJ/m3  

Specific heat capacity  2.20 kJ/kg  

Thermal conductivity  0.540 W/mK  

The length of the tubes  1m  

Tube diameter  50mm  

 

In the charging part of the PCM tube, the environmental chamber was heated up and kept at 35ÁC. 

Subsequently, the phase change of melting started at the chamber; when the temperature of all the 

thermal cables was above the melting temperature range of 27ÁC, the test for the melting part was 

finished. Temperature data was collected from the data logger at 2-minute intervals. After completing 

the melting process, the target PCM tube was taken out and transferred to an insulation can in order to 

keep it at a constant temperature (above 27ÁC). Until the environmental chamber had been decreased 
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and remained at the room temperature of 22ÁC, the target tube was directly brought back to the chamber 

to start the solidification part. Temperature distributions were measured and logged in the same way as 

in the melting part. Figure 3.21 shows the experimental setup.  

 

 

 

 

 

 

Figure 3.21 The ICEPCM tube in the environmental chamber 

 3.2.2.1  Results and discussion  

The temperature profiles in T1, T2, T3, T4, T5, T6 of the PCM tubes (with the position of the thermal 

cables bottom, middle and top inside the tube, and bottom, middle and top outside the surface of the 

tube, respectively) in the melting part are shown in Figures 3.22 and 3.23, when the environmental 

chamber is at a constant 35ÁC, which is controlled by the chamber system.  
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Figure 3.22 Inside temperature variations versus with time during the melting part 

 

Figure 3.23 Outside surface variations versus with time during the melting part 
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As seen from the profiles, the melting temperature range of the ICE-PCM tube is 29ï30ÁC. This 

temperature range is beyond the given melting temperature (27ÁC). By comparing it with Figures 3.22 

and 3.23, it is seen that the inside tube temperature rises faster than the outside surface of the tube.  

The inside temperature changes are given in Figures 3.24 during the solidification process. The dotted 

lines indicate that the solidification range is from 29ï28ÁC, compared with the melting range from the 

experimental result, the results all have 29ÁC. Therefore, the ICEPCM tube has an isothermal phase 

transition temperature (29ÁC) and no supercooling phenomenon.  

 

Figure 3.24 Inside temperature variations versus with time during the solidification process 
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Figure 3.25 Total melting time and solidification time 

The total phase transition times are shown in Figure 3.25. These times were counted when target tubes 

started to reach the phase change range of the tubes, and then the tubes time was logged every 30 

minutes for its phase change. It can be concluded that the total melting time was 610 minutes, and the 

solidification time was 660 minutes.  

 3.2.3  Test: Thermal performance of PCM  tubes  

In this research, a detailed investigation was carried out to test the thermal performance of applying 

PCM tubes into the ceilings of a building. Results showed that the application achieves a great 

improvement for the energy efficiency in buildings as it could minimize the dependency of customers 

on cooling and heating systems. Mathematical models have been developed for predicting and 

comparing the thermal behaviour of the PCM tubes. The effect of the PCM tube quantity on the 

ceilings matching with the size of room was studied here in order to optimize the design for practical 

use. Further research will be done to analyse the other performance factors regarding the use of PCM 

tubes in the building fabric. 
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This experiment was to simulate a normal UK summer day within the experimental room. To achieve 

this goal, the temperature was varied (18ï25 ÁC) in the climatic chamber (Kuznik and Virgone, 2009).  

A type-K thermocouple, which was coupled to a data logger (DataTaker DT500) and connected to a 

computer (Table 3.15), was used to calculate the roomôs air temperature. To effectively quantify the 

positive potential of the PCM in air temperature stratifications, the temperature was measured at three 

different heights inside the simulated room (ht2=44cm, ht3=22cm, and ht1=66 cm as the inner surface 

of the boxôs cover) (Kuznik and Virgone, 2009). Furthermore, a thermocouple was placed outside the 

box to calculate chamber performances.   

Table 3.15 Instruments used in the experiments. 

Experimental setup - Instruments used for collecting the data 

Device Measurement Range Accuracy 

Type-K Thermocouples -200ÁC to 1350ÁC Ñ1.5ÁC 

DataTaker DT500 Logging all temperatures  

 

An air-conditioning system was used to manipulate and control the desired temperature in the 

environmental chamber. The chamber itself had dimensions of 4m x 3m, with a height of 2.8 m. 

Calculating the energy consumption was not the aim of this research; hence, the specifics of the air-

conditioning unit are irrelevant. Pictures displayed in Figure 3.26 show the simulated room (wooden 

box), which was constructed with the following: a box with standard 15-mm plywood, an internal 

height of 66cm and inside the insulation layers measured 86 cm x 56.5 cm. The external height of the 

simulated room was 88 cm. With the exception of the cover, all faces of the box were covered by a 

100-mm layer of expanded polystyrene for insulation. Ideally, an experiment using three identical 

cubicles with exactly the same interior dimensions calculated under the same temperature and at the 

same time would have been conducted; however, due to time constraints and the available delivered 
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material, the experiment had to be altered. Location and the dimensions of the internal thermocouples 

(T1, T2 and T3) are illustrated in Figure 3.27.     

 

Figure 3.26 Several views of the ñRoomò (wooden box) with PCM tube installed 

  

   a. Cross-section  b. Elevations c. Elevations  

Figure 3.27 Wooden Box (Room) measures (in cms): Cross-section (a) and elevations (b and c) 

The 5 TubeICEÊ (PCM-Tubes) from Phase Change Material Products Ltd, as the PCM in this 

experiment, was chosen due to its melting point of 23ÁC, which makes it ideal for building 
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applications, as it sits inside the range of any regular comfort zone. A high-density polyethylene 

(HDPE) was used for the construction of the tubes, with a chemical Tl resistant plastic of 50-mm 

diameter and 70-cm length. Each tube is filled with PlusICEÊ  

PCM  S23 has a latent heat capacity of 175(kJ/kg) and a specific heat of 2.2(kJ/kg). These are the 

main properties of the S23 composite, as described in Table 3.15 

Table 3.16 PlusICEÊ PCM S23 properties given by manufacturer. 

PlusICEÊ PCM (HYDRATED SALT) (S) RANGE 

PCM 

Type 

Tempera

ture (ÁC) 

PCM Density 

 (kg/m3) 

Latent Heat 

Capacity 

(kJ/kg K) 

Specific 

Heat 

Capacity 

(kJ/kg K) 

Thermal 

Conductivit

y (W/m K) 

S23 23 1530 175 2.20 0.540 

 

Traditionally this type of PCM tube was commonly used for thermal storage in industrial 

applications, but recently they have also proved useful for cooling in building applications. It has 

been formulated that the ideal amount of PCM tubes to achieve the appropriate comfort 

temperature is between 1 and 1.5 kg of PCM per m3/h of fresh ventilation air (MEDVED, 2008). 

The room contains 1/3 m3; hence, 1/3 kg may be the amount required in five hours with the tubes 

containing å0.3 m3 of PlusICEÊ. Thus, the amount selected may in fact be appropriate for this. 

The tubes were installed under the box's ceiling, as illustrated in Figures 3.28 and 3.29.  
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Figure 3.28 Cross-section of PCM Tubes test (measures in centimetres): a: portrait, b: crosswise 

  

 

 

Figure 3.29 TubeICEÊ dimensions. 

On the first day, testing was conducted in a bare simulated room without PCM. Unfortunately, due to 

the availability of the environmental chamber, the simulation time had to be restricted. At 15:00PM, 

the chamber reached the required 18ÁCthus allowing for the commencement of data to be collected. At 

this stage, the chamber was set at 28ÁC with the data logger set to start storing temperature data. As a 

result of the laboratory closing at 17:00PM, the temperature was set at 18ÁC and left overnight. The 

experiment was repeated a further two times; measuring data of the new experiment beginning again 

at 15:00PM, using PCM cans and tubes for later comparison.  

To deduce a better, more conductive and cheaper material, a final test was conducted. The filing of the 

tubes (PCM PlusICEÊ S23) was emptied into aluminium cans, in order to compare the new metal 

container with the former experiment. It is important to note that the aluminium drinking cans had an 
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identical volume, as tested before in the TubeICEÊ experiment. Fifteen cans were used in total and 

were placed over a metal plate as support, as shown in Figures 3.30 and 3.31 and described before in 

Table 3.17. This test contemplated some reduction of air volume of the room, because of the 

supporters used to structure the plate. A factor that could affect later experimental comparisons was 

that the roomôs volume was reduced by approximately 11%. Similar to the previous experiment, the 

three thermocouples were set at identical positions at different heights, with a thermocouple placed 

outside the box measuring the outside temperature.  

   

Figure 3.30 Room with PCM cans scheme (not to scale). 

  

Figure 3.31 Image of the recycled can scheme experiment  
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Table 3.17 Properties for PCM encapsulation with cans. 

  
RECYCLABLE DRINK CANS - PCM (HYDRATED SALT) (S) 

RANGE 
 

PCM 

Type 
Melting Point (ÁC) Quantity of Cans Radius (mm) Height (mm) 

Height 

PCM (mm) 

S23 23 15 30 155 130 

 

3.2.3.1 Results and discussion  

The results of the experiments will be presented in the following order:  

- Room without PCM tubes or cans  

- Room with PCM tubes 

- Room with PCM cans  

- Analysis of comparative thermal performances.  

3.3.3.1.1 Room without PCM  

To contrast the potential of using PCM, the simulated room (wooden box) must also be tested without 

the PCM in order to compare with results obtained with the PCMs. Results followed the hypotheses 

so that the temperature captured within the simulated room matched the temperature outside as 

measured by all the thermocouples. In addition, it was noticed that the three interior temperatures sites 

displayed certain thermal stratifications. The surface cover reached the highest temperature in the 

room and, as expected, the three interior temperatures presented certain thermal stratifications, with 

the surface of the cover (T1, highest thermocouple) reaching the highest temperature in the room. 

Likewise, the temperature in the lowest part of the room presented the lowest temperature, 

approximately 1 ÁC below the highest. Though on the surface it may appear to be insignificant with 

the vertical distance between T1 and T3 a mere 66cm, if one considers a bigger room with the same 

conditions, the stratification may in fact be much larger.   
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Figure 3.32 Data obtained in first experiment, with the room without PCM 

The peak temperature for all thermocouples fell in the range between 25.5ï26ÁC, with T1 presenting 

the highest and T3 presenting the lowest temperature. An hour after the chamber was set at 18ÁC, the 

thermocouples began to measure the reduction of the interior temperature. The thermocouples placed 

in the ceiling (T1), tended to stabilize around 19ÁC, which was a degree higher, as shown calculated in 

T2 and T3. T2 and T3 stabilized close to 18ÁC, a degree lower than that of T1, which stabilized at 

19ÁC. By falling into the range of 19ï20ÁC, it meant that it was below the comfort zone and never 

reached 18 degrees, which was set outside the chamber as a result of the insulation chamber. 

Furthermore, it was identified that the chamber appeared to cool down to 18ÁC, which was the same 

trend that was followed by all three internal thermocouples, almost simultaneously. Conversely, when 

the chamber began to heat up, this trend was slower. The interior thermocouples took almost twice the 

time to heat up compared to the exterior heat of the chamber, meaning that with the cubicle fabric, 

such a room would easily lose heat.  
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3.3.3.1.2 Room with PCM tubes  

For the next experiment, all four thermocouplesô temperatures were measured. However, this 

experiment differs as it consisted of a TubeICEÊ located on the booth of the ceiling. As displayed in 

Figure 3.33, results revealed that the peak temperatures barely got over 25ï25.5ÁC. This shows that, 

due to the presence of PCM, a reduction in overheating took place. The highest temperatures were 

observed on T2 and T3, reaching 25.5ÁC, which is 0.5 degrees higher than T1, located on the upper 

surface of the cubicle (ceiling). This occurred because T1 received a bigger impact compared to the 

other two thermocouples, which were located at a further distance. One can therefore conclude that 

the reduction observed in T1 was due to the presence of the PCM, which only led to a 1-degree 

reduction, leading to 4% peak reduction.  

 

Figure 3.33 Results of temperature measured by the 4 thermocouples 

In addition, as the chamber began to cool, stabilization began to occur between all the thermocouples 

between a range of 22ÁC and 23ÁC, which was 3ÁC higher than temperatures observed in the test 

without the presence of a PCM. Moreover, with the PCM, temperatures had the tendency to stay 

inside the usual comfort zone and close to the melting point of the PCM (23ÁC). This shows that it is 

possible for the PCM to still be able to release heat to the room for 12 hours or more than the cooling 
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of the camera (18ÁC). It is, therefore, evident that this PCM has the ability to not only reduce 

overheating but also to reduce energy loss and the correlated energy waste due to its ability to store 

energy and release it when required.  

In addition, the three interior thermocouples show temperatures with smaller differences between 

them in comparison to the previous experiments. This was most evident with T1 and T2, which 

behaved almost identically. The smaller differences shown in the interior compared to that of the 

exterior could be explained by the presence of the PCM tubes causing a natural enhancement. One can 

conclude that the PCMs can control indoor temperatures as well as reducing thermal stratification. 

This means that the resultant air temperature values fall close to the usual comfort zone.   

Figure 3.34 shows that a reduction in temperature of around 0.6ÁC was achieved if the results of the 

middle height temperature of T2 with and without the PCM tubes lasted for at least 2.5 h. This could 

be hugely beneficial in an office building, as it could reduce energy consumption of the HVAC 

systems dramatically if conducted on a larger scale.  

 

Figure 3.34 Comparison of Temperature T2 (middle height) with and without PCMTubes in the room 
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3.3.3.1.3 Room with PCM cans  

During the cans PCM scheme, the temperatures stabilized between 19 ÁC and 21 ÁC when the outside 

temperature was lower (around 18ÁC). This was around 2 ÁC lower than that of the PCM tubes, while 

it was slightly higher than when not using the PCM. This means that the effectiveness can be affected 

by the PCM, but not to the same extent as the PCM tubes.  

Peak temperatures tended to vary between 22.7ï26 ÁC. This is promising, as the tests without the 

PCM measured by thermocouples T2 and T3 could not reduce the temperature as well, with a 

reduction peaking at a little below 3 ÁC. Despite this, the inner surface of the cover temperatures 

stayed the same, at 26 ÁC, while the T3 reduction was sizeably larger, at around 2.66 ÁC lower in PCM 

cans experiment than in PCM tubes test. This led to a 10.44% reduction, which is slightly better than 

T2, which saw a reduction of 9.47% (2.46 ÁC).  

As shown by the results of Table 3.18, during the recyclable cans scheme, although there was some 

reduction in overheating, the reduction of thermal stratification cannot be assured; therefore, the 

roomsô occupants maybe uncomfortable.  

The recyclable cans outcome did look promising, as the results might show similar performance to the 

PCM tubesô; however, when comparing the two, the cansô radius is a lot larger than the plastic 

containersô. Therefore, the PCM is not in contact with the surface despite the PCM having a larger 

surface area as the distance between the material and the surface being larger. This means that, due to 

the thickness of the PCM, the storage process takes longer (Kuznik and Virgone, 2009). On the other 

hand, stratification is not reduced as the natural convection cannot be enhanced as in other previous 

tests due to the smaller volume of the inner material that is in contact with the heat transfer region 

between the PCM and the air in the room.  

Table 3.18 Results for PCM tubes and PCM cansðReduction of peak temperature. 

Thermocouple  Height  

Reduction   

(Compared to Room with No PCM)  

  PCM Tubes  PCM Cans  
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  (%)  ÁC  (%)  ÁC  

T1  Surface ceiling  4%  1  -1.07%  -0.28  

T2  2/3  1.76%  0.46  9.47%  2.46  

T3  1/3  -0.38%  -0.01  10.44%  2.66  

Average    1.79%  0.48  6.28%  1.62  

 

Unfortunately, the recyclable can experiment had to start at a different air temperature (around 2Á C 

lower on average) than the previous two due to the limited time available in the laboratory and the 

length of time the PCM S23 takes to reach the desired temperature because of the difficulty of 

controlling the melting and freezing levels. Therefore, in terms of the overheating reaction, it is 

slightly confusing when comparing results as shown in Figure 3.35, when due to the inaccuracy of the 

environmental chamber, the temperature stayed at an average of 16Á C instead of the desired 

temperature. 

 

Figure 3.35 Results of temperature measures in PCM recyclable cans experiments  
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3.3.3.1.4 Analysis of comparative thermal performances  

The replacement of PCM PlusICEÊ S23, during the aluminium can experiment, into metallic 

containers (reused aluminium cans) may allow for more benefits than those obtained during the PCM 

tubes experiment, although ensuring the avoidance of stratification may produce some thermal 

discomfort for occupants. In addition, the installation of PCM tubes in a room's ceiling may have 

benefits such as helping to reduce thermal stratification, reducing overheating for a period of time and 

maintaining night temperatures inside the comfort zone. However, small increases in heat during the 

cold night and a reduction of overheating in the majority of the room was seen during the PCM cans 

experiment.   

 

Figure 3.36 Temperature profile comparison of the three PCM schemes. 

Because the rooms with the recyclable cans started the experiment 2ÁC lower that the tubes 

experiment, it is difficult to evaluate the solidification process of the two experiments. However, if 

looking at the curvature of the graph that shows the trends of the PCM tubes and the PCM recyclable 

cans it shows that the freezing stage curves are very similar (Figure 3.36).  
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This is shown as the correlation coefficient when judged just on the freezing stage, as it shows a 

correlation of 0.95, compared to 0.86 on average. This indicates that the aluminium cans could quite 

possibly give much better results if both experiments had identical conditions (the same radius, the 

same initial temperature of the room and the same initial substance temperature). This shows that 

further research is needed; however, it does indicate that using this passive cooling strategy, entailing 

the reduction of encapsulation costs and decreased energy loads for the air conditioning systems, it 

could lead to a large economic saving potential for buildings.  

3.3.3.1.5 Recommendation for future experiments and other considerations  

As per other research showing PCMsô thermal conductivity could be increased through metallic 

containers, and as seen during the experimental stage, the environmental performance could be 

improved through the use of PCM either in tubes or in cans. Despite this, four drawbacks were found 

while conducting the experiment: 

The fluctuation in temperature results in some system errors of testing and monitoring. This could be 

improved during further research by testing three boxes simultaneously during one experiment, which 

would allow for identical conditions.  

Due to the PCM taking longer to melt, it was not possible to melt (to replace the liquid into the cans) 

and even longer to freeze (at least 46 h at 5 degrees below freezing), the initial temperature was not 

measured, which obviously would have caused some error. Therefore, as the melting and freezing of 

the PCM was observed in the curves, it is difficult to say whether the conditions were identical. This 

was because the use of the environmental chamber was limited; therefore, it would be better for 

further research to test PCM containers in the same conditions, perhaps in a full-scale room and under 

real conditions instead of a small cubicle. This would yield a true result of the effect of PCM on the 

reduction of overheating  

As the thermocouples were placed to measure the air room temperature and not the fluctuation of the 

temperature inside the PCM, it is difficult to identify the change of phase during the results analysis. 

Despite this, the effect of the PCM is clear, as with the PCM the temperature was closer to the fusion 

temperature. There is good potential for PCM to be used in buildings and experiments testing novel 

metallic recyclable containers. However, for low-tech buildings, perhaps a microencapsulated PCM 
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should be tested, as the PlusICEÊ S23 is difficult to handle. Therefore future constructors with no 

experience of handling this may struggle.  

Finally, as the cans had to be placed above a ótableô, instead of hanging from the cover of the PCM 

tubes due to the weight of the cans, the air volume was reduced during the test and required more 

mass inside the box. Therefore, if the cans were set as part of a wall or as an under-floor cooling 

system, this system may work better.  

 3.3.4  Conclusion  

An experimental study was carried out in order to evaluate the effect of PCMs on the fluctuation of 

temperatures in a room and its potential for reducing overheating. A cubicle was tested with and 

without PCM devices placed in the ceiling of a room under the effect of the variation of the outside 

temperature, which was intended to simulate a summer day. In addition, the cubicle was tested in 

three experiments under the same conditions: with PCM tubes, with PCM reused cans and without 

any PCM device. The results showed that the use of PCM devices in the cubicle's ceiling reduces the 

internal temperature fluctuation in the room and decreases overheating. The main outputs of the 

experimental stage are that temperature fluctuation was reduced with PCM devices experiments, and 

high peak temperatures were reduced and stayed stable closer to the comfort zone when outside 

temperatures were colder.  

Overheating reduction was clearer with the PCM cans experiment, getting a reduction up to 10% of 

peak temperatures. Compared to the results of the empty room, the reduction of peak high 

temperatures was greater with the PCM embedded in reused cans, with an average 6.28% reduction to 

mean air temperature. Compared with the experiment with PCM tubes, the results showed a lower 

reduction, with an average 1.79% drop of peak high temperatures. As expected, the higher 

conductivity of the aluminium cans permitted higher thermal transmittance than the plastic material of 

the PCM tubes.  

For reduction of thermal stratification, PCM tubes achieved better results. The thermocouples 

measured temperatures with less difference between readings at different heights, because of the 

natural convection caused in the surface of the PCM container.  
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The experiment on PCM cans demonstrated great potential to reduce overheating. Although further 

research is needed regarding the proposed recycled metal containers for the encapsulation of PCMs, 

the novel idea presented in this dissertation could contribute to the reduction of energy waste in air 

conditioning systems by the construction industry.  

The experiments of PCM embedded into recycled aluminium cans showed that this could represent a 

better and a cheaper solution for enhancing low conductivity of PCM, if several drawbacks are solved, 

like inappropriate sealing and the use of thinner cans (smaller radius) to encourage energy transfer 

between the whole PCM volume and the room air volume.   
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Chapter Four: 

Integrating PCMs into 

active cooling systems 

  

  

  

  

  

  



113 
 

4.1 Integrating PCM air tubes  

Compared to the above PCM passive system, if the PCM could maintain heat exchange with the 

outside in an active way, the result might show a better performance.  

The PCM test showed that to enhance the heat exchange between the PCM and the inside air, a metal 

shell should be designed. Figure 4.1 shows a 3D model of the experiment, which involves testing 

different volumes of PCM blown through and how this affects the internal temperature of the air. It 

also shows how the cooling effect of the PCM passive cooling system would change during an 

increase of the internal air temperature from 20ï30ÁC.  

During this test, a wooden box with insulations surrounding it was made with the internal heat gains 

stimulated by a 30-W heat source placed inside, while to allow the PCM to flow through the 

aluminium duct, a 16-W in-line axial flow fan was placed inside. Solar radiation and wind were not 

considered, in order to make the experiment simple.  

 

Figure 4.1 3D model of the entire passive cool system 
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4.1.1 Apparatus descriptions  

The apparatus used in the experiment is shown as following:  

1) A wooden box. This contained 100mm of insulation and a 20-mm wooden plank, while the 

wallsô thickness was 120mm. The full dimension of the box was 900 mm tall, 600 mm wide 

and 1000 mm length.  

2) A 125-mm diameter aluminium circle-loop duct pipe.  

3) A 16-W Black Orchid 125mm in-line axial flow fan (185m3/hour), as shown in Figure 4.2. 

4) A 30-W heating source and a thermostat were selected. Figures 4.3 and 4.4 show the 

outside view and the dimensions of a 30W HGK-047 small PTC heater, respectively, which, in 

order to imitate the internal heat gains, was placed inside the box. In order for the heater to 

stop working when the internal temperature is higher than 30, a thermostat box, as shown in 

Figure 4.5, were used to keep the maximum internal air temperature at 30ÁC. 

5) DataTaker DT500 and temperature sensors. In order to measure the different temperatures, 

temperature sensors were fixed to different parts to record the temperature of the ambient air, 

the internal air, the duct outlet, the duct inlet and the middle point of the duct. The results were 

then transferred to a computer through the DataTaker DT500, the outside view of which is 

seen in Figure 4.6 

 

Figure 4.2 16W inline flow fan. 
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Figure 4.3 Outside view of the heater         Figure 4.4 Dimensions of the heater 

Table 4.1 Small heater specifications at 20ÁC ambient temperature 

   

 

 

 

 

 

Figure 4.5 Outside view of the thermostat 

Power1  30W  

Voltage  140-240 VAC  

Max. current  3.0 A (inrush)  

Dimensions  70 Ĭ 25 Ĭ 50 mm  

Operating temperature  -45 to 70ÁC  
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Figure 4.6 Outside view of the DataTaker DT500 

6) Part of the aluminium duct was replaced by a 100-mm transparent PVC tube (the 3D view 

of this can be seen in Figure 4.7). As the tube is transparent, the behaviour of the PCMs can be 

observed.  

        

   Figure 4.7 3D view of the 100mm PVC tube 
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 PCM Specifications  

Micronal DS 5008 X (Micronal PCM) was the PCM used in the experiment; this has microscopically 

small polymer spheres with a centre of high-purity paraffin waxes. This wax is a spray-dried powder 

version of a paraffin mixture, microencapsulated with highly crosslinked polymethyl methacrylate, the 

microgram is seen in Figure 4.8.  

  

Figure 4.8 Microgram of Micronal DS 5008 X 

Due to the fact that the melting point of Micronal PCM is 23ÁC, a constant temperature of 23ÁC can 

theoretically be maintained if heat is absorbed or released because heat is stored when it melts and 

released when it solidifies. Figure 4.9 shows the melting enthalpy of a specific micronal PCM-

integrated building material varying with temperature, while we can see useful technical data of 

microna. 
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Figure 4.9 Example of the melting enthalpy of micronal PCM 

Table 4.2 Technical data of micronal PCM 

Solids content  In powder form  

Particle size  0.1ï0.3mm  

Bulk density  250ï350 kg/m3  

Melting point  23ÁC  

Latent heat capacity  100 kJ/kg  

Overall storage capacity  

(integration range 10-30ÁC)  

135 kJ/kg  

Miscellaneous  Low-dust  

  

The prevention of emissions or leakages of paraffin waxes when operating within the temperature 

ranges (usually lower than 140ÁC) is an important advantage of microencapsulation.  
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4.1.2 Experimental methodology and procedures  

Six quantities of micronal PCM (0ml, 100ml, 200ml, 300ml, 400ml and 500ml, marked as Groups 1, 

2, 3, 4, 5 and 6, respectively) blown through the inside circular sealed duct with a maximum fan speed 

of 185m3/hour were tested in this experiment, with each test normally taking place between 10:00am 

and 15:00pm.  

1) First switch on the DataTaker and open the Delogger computer software, then check whether 

the sensors and their signals are working. After that, set 1 minute as the recording frequency and 

connect to the program.  

2) After that, make sure that the ambient temperature is lower than 18ÁC; however, in time it may 

increase due to the strength of the sunlight, as shown in Table 4.3. 

Table 4.3 Temperature-setting in the experiment 

Sensors position 
Box-

Inside 
Duct inlet Duct middle Duct outlet Ambient 

Temperature (ÁC) 18 18 18 18 17 

  

3) Make sure the heat source is set at a maximum of 30ÁC and turn it on at the same time as the 

fan. Then, starting with 0ml for the first group, add 100ml more of micronal PCM for every test 

into the duct and make sure to capture the data as quickly as possible.  

4) The ambient temperature should be kept below 23ÁC during the entirety of the experiment. 

Save the file and turn off the heat source and the fan when the temperature fluctuates at 30ÁC.  

5) Repeat the procedure from step 3 until all six groups have been completed after all temperatures 

have returned to their starting values, as shown in Table 4.4. 

6) Export the data into Excel files: one group of data needed to be collected each day, as a group 

will take around 4-5 hours.  
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4.1.3 Results and analysis  

The PCM temperature and the amount of heat they stored theoretically are shown illustratively in 

Figure 4.10. Micronal PCM experiences sensible heat gains as it absorbs heat from the box before the 

melting point of 23ÁC, after the temperature gets to 23ÁC it remains constant as the latent heat gain 

happens. Once the latent heat storage is finished sensible heat returns and the micronal PCM 

temperature increases.  

 

Figure 4.10 PCMs temperature change over the heat store.  
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Figure 4.11 Temperature of the internal air, duct air and ambient air under 0ml PCM. 

 

Figure 4.12Temperature of the internal air, duct air and ambient air under 100ml PCM. 
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Figure 4.13 Temperature of the internal air, duct air and ambient air under 200ml PCM. 

Figure 4.14 Temperature of the internal air, duct air and ambient air under 300ml PCM 
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 Figure 4.15 Temperature of the internal air, duct air and ambient air under 400 ml PCM 

As shown in Figures 4.11ï15, the temperature gradients of the internal air and duct air decreased 

gradually with the absence of PCMs. This is due to the temperature difference between the internal 

and ambient air increasing when the internal air temperature increased. In addition, the fabric heat loss 

increased, as shown by the fabric heat loss equation: Q→ = A Ā U Ā (ὝὭὲὸὩὶὲὥὰ ī ὝὥάὦὭὩὲὸ), where U is the 

thermal transmittance of the wall, A is the surface area of the box, and æT presents the temperature 

difference between internal space and ambient air. Therefore, there was a reduction, where ὗὲὩὸ = ὗὭὲ 

ī ὗέόὸ, on the temperature gradient due to the net heat gain being reduced because of the constant 

internal heat gain.  

The PCMs should start absorbing latent heat from the duct air, while the temperature gradient should 

decrease dramatically when the duct air temperature reaches 23ÁC. This same conclusion can be 

drawn when comparing these results, as the temperature increased much more slowly once the duct air 

temperature reached 23ÁC.  

Table 4.4 Data analysis.  

PCM volume  

(ml)  
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increasing from 17ÁC 

to 30ÁC, (minutes)  

 0  95  18.95  

100  231  15.72  

200  230  17.68  

300  229  17.92  

400  210  18.37  

 

The time needed for the internal temperature to increase from 20ÁC to 30ÁC that had PCMs blown in 

the duct was around double that of the groups. They had no PCMs flowing in the duct, as shown by 

the results of Table 4.4. This showed the ability of PCMs to store higher amounts of thermal heat, 

while also showing that they absorbed more heat and had a better cooling effect than the normal air 

without the PCMs. However, the volume of the PCMs had little effect on the length of time.  

The temperature gradient of the duct and internal air increased when the ambient temperature was 

high, and the temperature gradient of the air decreased when the ambient temperature was relatively 

lower, as shown by the 400ml chart. This shows that the temperature tendency is significantly affected 

by the ambient temperature.  

A shorter time period was needed for the internal temperature to increase from 20ÁC to 30ÁC, as 

shown in Table 4.4, suggesting that the ambient temperature can affect the length of time. However 

further research on this is expected in future.  

To test whether this PCM passive cooling system was energy-saving, an ideal electrical air-

conditioning system was introduced for comparison. This air-conditioning system released coldness 

and kept the room air at 30ÁC. Thermodynamic calculation methods were used to calculate the cooling 

loads and power of the air-conditioning device. After obtaining the results, a comparison between the 

power of air-conditioning device and the fan was done, and the cooling effect of the PCM-integrated 

system was assessed.  
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An extra heater of 30W was put into the box to offset the heat loss caused by air leakage and other 

uncontrollable reasons.  

ὗ→Ὥὲ = ὗ→έόὸȢ  

Therefore,  

ὗ→Ὥὲ = ὍὲὸὩὶὲὥὰ Ὡὥὸ ὫὥὭὲί = ὅέέὰὭὲὫ ὰέὥὨί έὪ ὥὭὶ ὧέὲὨὭὸὭέὲὭὲὫ + ὗ→ὥὭὶ + ὗ→ύὥὰὰ = ὗ→έόὸ  

where ὗ→ύὥὰὰ is taking away the heat from the wall, ὗ→ὥὭὶ is the heat absorbed by air.  

ὗ→ύὥὰὰ = Ὗ Ā ὃ Ā æὝ Ā æὸ  

where U is the thermal transmittance of the wall, A is the surface area of this box, and æT presents the 

temperature difference between internal space and ambient air, which are known as 30ÁC and 17ÁC 

respectively. æὸ is the time from 17ÁC to 30ÁC, which, according to Table 3.19, is 230min.  

Dimensions of this box are 900mm Ĭ 1000mm Ĭ 600mm, and the thickness of the walls is 120mm, 

comprising 100mm insulation and 20mm wooden plank.  

The thermal conductivity of insulation is ʇ πȢπςυ7ȾÍϽ+, so its thermal resistance is 

Ὑ
Ὠ

‗

πȢρά

πȢπςυ7ȾÍϽ+
τ ά ϽὑȾὡ  

U-value of the wooden board, Ὗ πȢφτ 7Ⱦά Ͻ+ȟ is 

Ὑ
ρ

Ὗ

ρ

πȢφτ 7Ⱦά Ͻ+
ρȢυφςυ ά ϽὑȾὡ  

The U-value of this wall is 

5
ρ

Ὑ Ὑ

ρ

τ ρȢυφςυ ά ϽὑȾὡ
πȢρψ 7Ⱦά Ͻ+ 

Surface area A of this box, (assume the ground temperature is 17Ј# as well) is as follows: 
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! πȢω πȢφ πȢω ρ πȢφ ρ ς τȢπψ ά Ȣ 

Temperature difference Ў4 σπЈ#ρχЈ#ρσ +Ȣ 

Therefore,  

ὗ→ύὥὰὰ = Ὗ Ā ὃ Ā æὝ Ā æὸ = 0.18 Ĭ 4.08 Ĭ 13 Ĭ 230 Ĭ 60 = 31.62Ὧὧὥὰ  

ὗ→ὥὭὶ = ὡὥὭὶ Ā ὅὥὭὶ Ā ὒὥὭὶ Ā æȟ  

where ὡὥὭὶ is the density of the air, ὡὥὭὶ = 1.16 ὯὫ/ά3  is the heat capacity of the air. ὅὥὭὶ = 0.24 

Ὧὧὥὰ/ὯὫ Ā ÁC.  is volume of the inside box, ὒὥὭὶ = 0.384ά3  Therefore,  

ὗ→ὥὭὶ = ὡὥὭὶ Ā ὅὥὭὶ Ā ὒὥὭὶ Ā æὝ = 1.16 Ĭ 0.24 Ĭ 0.384 Ĭ (30 ī 17) å 1.39Ὧὧὥὰ  

Internal heat gains are all from the inside 30W heater is given by: 

ὍὲὸὩὶὲὥὰ Ὡὥὸ ὫὥὭὲί = ὗ→ὩὥὸὩὶ = ὖὶὩίὭίὸὥὲὧὩ Ā æὸ  

ὖὩὥὸὩὶ = ὖὶὩίὭίὸὥὲὧὩ = 30ὡȟ  

where ὖὶὩίὭίὸὥὲὧὩ is power rate of heater, æὸ is time period.  

Therefore,  

ὗ→ὩὥὸὩὶ = ὖὶὩίὭίὸὥὲὧὩ Ā æὸ = 30 Ĭ 230 Ĭ 60 = 414000ὐ = 99.36ὯὧὥὰȢ  

The cooling loads of air conditioning are  

ὅέέὰὭὲὫ ὰέὥὨί έὪ ὥὭὶ ὧέὲὨὭὸὭέὲὭὲὫ = ὍὲὸὩὶὲὥὰ Ὡὥὸ ὫὥὭὲί ī ὗ→ύὥὰὰ ī ὗ→ὥὭὶ 

= 66.35Ὧὥὰ  

,
ὅέέὰὭὲὫ ὰέὥὨί ρȢρφ

Ὕ
ȟ 



127 
 

where T is 4ÉÍÅ σȢψὬέόὶ, and 1.16 is certain coefficient 

Therefore,  

,
  Ȣ

ςπȢςυ7. 

In the electrical market, the Energy Efficiency Ratio (EER) of commonly used air conditioning is 

about 3, where EER represents the ratio of the cooling load and electrical power,  

ὒ

ὖ
σ 

Therefore, the electrical power required is given as follows:  

ὖ
ὒ

σ
φȢχυὡ 

To summarize the calculation, a 6.75W air conditioning performs same even better than a PCM 

passive cooing system with a 16W fan. The air conditioning not only consumes less electricity, but 

also takes less time for the space temperature to increase from the initial value to the target one. This 

experiment failed as this PCM passive cooling system is not able to save energy on this condition. 

Further research is expected to be done in the future.  

4.1.4 Conclusion  

This project aims to research the cooling effect of a PCM flowing passive cooling system. A literature 

review was conducted based on the aspect of PCMsô properties, classification, incorporation methods 

and applications. After establishing general acknowledge on what PCMs are and how they work, the 

experiment was introduced and discussed in detail. The specific PCM used in this experiment is called 

Micronal DS 5008 X. Its melting point is at 23ÁC, and latent heat capacity is 100 kJ/kg.  

Temperatures of internal space air, ambient air, and duct air at inlet, middle point and outlet were 

collected. Five groups of data with the PCM volume of 0ml, 100ml, 200ml, 300ml and 400ml, 

respectively, were collected and analysed. Through this experiment, it was found that applying PCMs 
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in the cooling could extend the time of the internal temperature increasing from 20ÁC to 30ÁC. 

However, the time lengths of different volumes of PCMs are not much different from each other. 

More research on higher volumes of PCMs should be done. Most importantly, after doing the heat 

transfer theoretical analysis and calculation, this passive cooling system was found to consume more 

energy when compared with use of an electrical air conditioning device to achieve the same effect. To 

conclude, this project failed to accomplish the goal of energy saving by applying a PCM passive space 

cooling system, and further research is required.  

4.2 Integrating PCM slurry system 

Temperature is heavily influenced by a buildingôs mass; as a result, one with a large mass tends to 

smooth out temperature peaks because of the heavy mass. A good example of this is a shack made of 

corrugated iron and cologne cathedral. When the sun is strong, the heat in the shack would be 

unbearable; however, the Cologne Cathedral would be cool due to its thick walls. A normal single-

family, mass-construction-style house of 200 metric tons would sit in the middle of these two 

extremes.  

In the winter, good insulation is hugely important; therefore, many materials and systems exist in 

order to keep the interior warm through insulation and not having to rely on using more energy to heat 

the building. Insulation can also help reduce the heat in the summer; however, the main source of the 

heat comes through the windows, and the solar radiation coming through as well as heat from the 

insulation can actually cause this problem to get worse, as it prevents the heat from escaping again. 

The extent of the interior temperature will depend on numerous factors such as the surface area of the 

windows, the orientation of the building, the current climate, the weight of the building, the insulation 

and the internal energy sources. If there is no air conditioning system within the building, the only 

way to create a comfortable temperature is to increase the thermal capacity of the building through 

storing the heat within the building itself. This can be done by using waxes that have a melting point 

of 23ÁC and enclosing them in microscopically small polymer capsules and incorporating them in 

textured plasterboard or a similar product. As the melting point is 23ÁC, they absorb heat above this 

temperature thus keeping the temperature stable and ensuring a better climate in which to work and 

live.  
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Another benefit of this method is that the air conditioning does not need to be used, or it can be used 

less frequently, thereby saving a large amount in costs. In addition, this method can increase the floor 

area of houses or office buildings and, therefore, benefit many people by giving them more space.  

4.2.1 Microencapsulated phase change slurry  

Microencapsulated PCM slurry, in which microcapsules are dispersed in water. can be used in dry 

blends like plaster or cement or pipe systems for building applications. It provides a good medium for 

thermal energy storage due to microencapsulation thermal properties. This makes it is appropriate to 

maximise use of cooling sources. Recently, microencapsulated PCM slurry has been proposed and 

widely investigated. In microencapsulated PCM slurry, the PCM is microencapsulated and suspended 

in a single-phase heat transfer fluid to form the solid-to-liquid microencapsulated PCM slurry. Due to 

the microencapsulation of PCM particles in a thin plastic shell, the core material is always separated 

from the carrier fluid, which makes microencapsulated PCM slurry behave like a liquid. Meanwhile, 

the heat capacity of the carrier fluid is significantly increased by the latent heat effect associated with 

phase change. There are many advantages of using microencapsulated PCM slurry as a heat storage 

media. This includes the increased heat transfer coefficient between the fluid and heat transfer surface 

due to the latent heat effect and the particleïparticle interactions.  

4.2.2 Durability of microencapsulated PCMs  

In order to test the durability of microencapsulated PCMs over the long term, 10,000 cycles were 

conducted during the BASF cycling tests, as shown in Figure 4.1; 10,000 cycles should last around 30 

years, as 300 cycles normally take 1 year. It was shown that the constitution of the microencapsulated 

PCMs stayed virtually the same and that the thermal capacity and the impenetrability remained at the 

starting level.  
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Figure 4.16 Durability of Micronal PCMs (BASF, 2011) 

4.2.3 Advantages of PCMs slurry  

Because the microencapsulated PCM slurry can be used as a thermal storage material or a heat 

transfer fluid, it can offer many advantages, such as:  

-During the phase change period, it has a high storage capacity.  

-As these slurries are pumpable, there may be a possibility to use the same medium to either 

transport or to store energy.  

-Due to the elevated surface/volume ratio, it has a relatively high heat-transfer rate. 

-As a consequence of the reduction in mass flow due to the higher heat capacity, it also has a lower 

pumping power. 

-Due to the higher heat capacity, it leads to a better cooling performance than conventional heat 

transfer fluids because of the reduction of fluid temperatures  

- Finally, compared to conventional systems of sensible heat storage in water, these novel fluids have 

a better thermal energy storage density as well as being competitive against macro-encapsulated 

PCM tanks.  
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4.2.4 Description of new system concept  

 

Figure 4.17 The concept of new hybrid system  

The concept is aiming to cool the building down through a number of ways as well as increasing 

energy efficiency. These ways include a ground heat exchanger that will cool the ceiling as well as 

activating the building structure through controlling the circulation of cold air at night. The PCM 

provides storage water through the ceiling panels and works with the ground heat exchanger to create 

a cooling capacity. If the heat load exceeds the time needed for the cooling capacity, the wax of the 

PCM melts and reduces this heat peak over a longer period. The schematic of the system is given in 

Figure 4.17, showing the concept of new hybrid system. Hot water systems are usually used with 

these types of storage systems. These are discharged once the energy sources stop running and 

charged energy sources like a heating system or solar collectors are available.  

In this study, a novel microencapsulated PCM slurry hybrid cooling system is designed and 

investigated. The performance analysis of the microencapsulated PCM slurry system will be evaluated 

and the systematic determination of optimum design parameters of the microencapsulated PCM slurry 

systems will be analysed, while the different fabrication procedures will be tested and compared to 

identify the most economical and efficient microencapsulated PCM slurry system.  
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4.2.5 Experimental section  

 4.2.5.1  Design of the prototype for the experiment  

The experiment aimed to identify whether the above concept could really save energy; therefore the 

small-scale test rig was designed, constructed and tested in the environmental chamber, and this 

chamber could provide the stable ambient temperature to the rig. In this rig, the metal pipe cooling 

system with a water tank was used to give the wooden box a smooth comfort temperature.  

In order to investigate the most efficient cooling performance, the experiment tested the variation 

tendency of the internal air temperature of a different proportion of microencapsulated PCM with a 

different flow rate. A central heating pump was installed to pump these microencapsulated PCMs 

around the pipeline cooling supply system. This could provide a preferred cooling capacity, and 

reduce the heat peaks over a long period.  

 4.2.5.2  Selection of PCM 

In this experiment, Micronal DS 5008 X (micronal PCM) was selected as the storage medium in order 

to improve the cooling performance of the prototype. The melting temperature point is 23ÁC, which is 

the ideal temperature for a person to live. The properties of Micronal DS 5008 X (micronal PCM) are 

given in Figure 4.18.  

 

Figure 4.18 Mirconal DS 5008 
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Micronal DS 5008 X owes its excellent heat absorption capacity to the physical process of melting 

and solidifying. The product consists of microscopically small polymer spheres, which contain a core 

of high-purity paraffin waxes. Micronal DS 5008 X is designed for indoor use, where it will maintain 

an almost constant temperature of about 23 ÁC for a period of time that is dependent on the quantity of 

material used. This leads to a significant increase in comfort for the user and may also reduce the 

heating and cooling loads. Micronal DS 5008 X can be used in ñpassiveò applications or in 

combination with active cooling systems. Here, the PCM should be viewed as an element in the air-

conditioning concept. It breaks the link between the creation of heat and the treatment of heat. 

Environmental energy (e.g., geothermal cooling from boreholes) can be used more effectively with a 

time lag. Reactivation during the night can be achieved with water or air as an energy transfer 

medium. The maximum cooling output required can be reduced, leading to more energy-efficient 

building services solutions: in the best cases, it will extend even to complete elimination of active air 

conditioning.  

The overall heat storage capability obtained can be determined using the following formula, 

irrespective of the carrier matrix:  

QPCM = PCM Ĭ ȹH  

Qmatrix = mmatrix Ĭ cp Ĭ ȹT  

Qtotal = QPCM + Qmatrix ȹH=110 kJ/kg = 30 Wh/kg  

cp = spec. heat capacity of the matrix  

m = mass ratios of PCM or matrix  

ȹT = temperature interval  

Its microgram is shown in Figure 3.47 (Chapter 3).  

An amount of heat is stored when the wax melts and is released when the wax solidifies. The melting 

point of microencapsulated PCM is 23ÁC, which theoretically means that a constant temperature of 
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about 23ÁC can be maintained for a period of time when it is experiencing heat absorption or is 

releasing heat.  

 4.2.5.3  Selection of loop pump  

Rupturing of the microencapsulated PCM can cause several problems in the system. In particular, the 

leakage of the PCM from the capsule could induce clogging of the pipes and even damage to the 

pump. Damage and cracking of the capsules are mainly due to mechanical stress induced by the 

unappropriated pump. After the test, the peristaltic pump, the progressive cavity pump and the 

permanent-magnet motor pump do not generally induce capsule rupture and can avoid such problems. 

These pumps offer the advantage of having no moveable parts in direct contact with the fluid that 

flows inside the pipeline. In this type of test, the Salus circulation motor pump (Salus, 2012) is mainly 

used.  

 

Figure 4.19 Technical information of motor pump (Salus, 2012) 

A 30W HGK-047 small PTC heater was fixed inside the box to imitate the internal heat gains of 

space; its outside view and dimensions are presented in Figure 4.20. Table 4.5 shows the 

specifications of this heater. A thermostat box, shown in Figure 4.21, was used to control the 

maximum internal air temperature at 32ÁC. In addition, this means that the heater will stop working 

when the internal temperature is higher than 32ÁC.  
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Figure 4.20 Outside view of the heater and Dimensions of the heater 

Table 4.5 Small heater specifications. 

Power1 30W  

Voltage  140ï240 VAC  

Max. current  3.0 A  

Dimensions  mm  

Operating temperature  -45 ÁC to 70 ÁC 

1. At 20ÁC ambient temperature 

 

 

Figure 4.21 Outside view of the thermostat 
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 4.2.5.4  Experimental schematic diagram  

The microencapsulated PCM slurry hybrid cooling system using six interconnected copper tubes and 

four aluminium cooling fins was fabricated to investigate the heat transfer enhancement on the 

thermal performance from the use of the fins. Figure 4.22 shows the schematic diagram of the 

experimental apparatus, which includes a 30-W heater, a main circulation pump and a slurry water 

tank.  

 

Figure 4.22 Schematic diagram of the system 

 4.2.5.5  Experimental methodology and procedures  

This experimental stage began with measurement of the room (i.e., the wooden box), simulating a 

normal UK summerôs day. To test the room, the temperature therein varied between 18ÁC and 30ÁC.  

The inside air temperature was measured with 8 K-Type thermocouples connected to a data apparatus, 

as shown in Table 4.6, and connected to a computer. Another thermocouple was left outside the box in 

order to check chamber performance. 
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The chamber dimensions were 4m x 3m, with 2.8-m height, with an air-conditioning system 

maintaining the desired temperatures.  

Dimensions of the box are 1000mm x 1000mm x 800mm. All faces of the box, excluding the cover, 

presented a layer of insulation of expanded Celotex CF5000 PIR insulation board with a 100-mm 

insulation thickness and U-value of 0.18 W/ά2 Ā K. Layer 2 is a 20-mm thickness plywood board, with 

a U-value of 0.36 W/ά2 Ā K.  

Table 4.6 Experimental setup - Instruments used for collecting the data 

Device   Measurement Range   Accuracy  

K-Type 

Thermocouples  

-200ÁC to 1350ÁC  Ñ1.5ÁC  

DataTaker DT500  Logging all temperatures  
 

The test procedure is as follows:  

1. A certain amount of Micronal DS 5008 X was prepared for the experiment, as shown in Figure 

4.23. Regarding the volume of PCM optimal for storage, it is, as calculated by Medved and Arkar, 

(2008) to be between 1 and 1.5kg of PCM per m3/h of fresh ventilated air. As the room possesses 1/3 

m3, 1/3 kg might be required in 1 hour.  

 

Figure 4.23 Physical form of Microencapsulated PCM and their core container (BASF, 2011) 
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2. The selected microencapsulation PCM and water was mixed and stirred well until obtaining a 

homogeneous mixture with extra care taken for the microencapsulation PCM, as shown in Figure 

4.24. 

 

Figure 4.24 Mixing the microencapsulation PCM 

3. The water tank and pipe system was located as shown in Figure 4.25 in the wooden frame and 

insulated room. 

 

Figure 4.25 structure of pipe system (pipe diameter of 20mm) 
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4. Inside the simulated room, the pipe system was installed under the boxôs ceiling, as illustrated in 

Figure 4.26. The microencapsulation PCM slurry remained circulating through the pipe system 

between the inside room and the water tank by a loop pump (Figure 4.27).  

  

Figure 4.26 Copper pipes for PCM slurry circulated inside box. 

 

  

Figure 4.27 Water tank. 



140 
 

5. To enhance the heat exchange between the microencapsulation PCM and the inside room, the 

cooling fin of the pipes with a 20-mm diameter was specially soldered in the middle section of the 

pipe system, as shown in Figure 4.28. The purpose of using this material is to enhance the heat 

exchange of the microencapsulation PCM slurries used, as it allows a large area of the 

microencapsulation PCM to conduct heat in a short period of time.  

 

Figure 4.28 Cooling fins (20mm) 

6. On the first day, the system and the room were tested empty without considering any kind of PCM 

test period lasted for 6 h. The wall began to absorb heat from the chamber by convection. Upon 

reaching the maximum, the heat started to move to the cold side via conduction. Upon the heat 

obtaining a steady state condition, temperature readings on each side of the wall were taken.  
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Figure 4.29 The water tank and pump outside the chamber 

7. Then the different proportion of microencapsulation PCM is the only variable in order to optimize the 

thermal performance. The test is split into five groups: because they have different amounts of 

microencapsulation PCM, the rated power of pump was influenced. More details are presented in Table 

4.7. As in the above test with no PCMs, the heater temperature was set 32ÁC. Each group was tested 

twice. The results from the different groups are compared in a later section.  
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                Table 4.7 Group one of the tests.  

Ratio of PCM  Flow rate L/min   Power consumption 

Pure water  8L/min  6 W  

10% microencapsulation 

PCM  

8 L/min  6 W 

15% microencapsulation 

PCM  

8 L/min  7 W 

20% microencapsulation 

PCM  

8 L/min  7 W  

25% microencapsulation 

PCM  

8 L/min  8 W  

 

8. After identifying the best ratio of the microencapsulation PCM, the only variable left in this section 

is the different flow rate of the liquid. The experiment procedure was the same as above. For more 

details, see Table 4.8. 

Table 4.8 Group two of the test.  

Flow rate L/min  Rated power  

6 L/min  7 W 

8 L/min  7 W  

10 L/min  11 W  

12 L/min  15 W  

16 L/min  26 W 

 

4.2.5.6 Results and discussion  

The results of the experiments will be presented in the following order:  

- Room without PCM  
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- The different ratio of the microencapsulation PCM 

- The different flow rates of the liquid 

- The length of the pipes  

- The experimental analysis of the cycle time in the day and night periods  

- Analysis of comparative thermal performances.  

 

 4.2.5.6.1  Room without PCM  

The wooden cubicle was tested simulating a normal room in a standard building (i.e., without the 

presence of the PCM tubes). As per expectation, the temperatures measured by all thermocouples 

rapidly matched the tendency of the heater: All measured high peak temperatures (31ÁC to 32ÁC). 

 

Figure 4.30 Data obtained in first experiment, with the room without PCM.  

  

 4.2.5.6.2  Room with PCM: The different ratio of microencapsulation PCM  

The second experiment measured temperatures of all four thermocouples, but this time with the 

existence of microencapsulation PCM circulating on the ceiling though the pipe system. In order to 



144 
 

identify the most efficient one and the influence of each parameter, the test was divided into different 

ratios of microencapsulation PCM: 10%, 15%, 20% and 25%. (Figure4.31) 
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